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ABSTRACT 
 
ISM band Antenna Scattering from Scalp Phantom for Intracranial Pressure Monitoring 
Implants 
Ruchi Warty 
Arye Rosen, PhD, Afshin S. Daryoush, PhD, and Mohammad-Reza Tofighi, PhD 
 
Research on microwave antennas in medical applications has been primarily 
focused on medical therapeutic and diagnostic applications such as hyperthermia 
treatment of cancer, tissue ablation, and microwave imaging. In recent years attention has 
been directed to implantable antennas for biotelemetry. Communication between the 
medical devices (e.g., pacemakers and medical sensors) implanted inside the human body 
and the receiver used externally necessitates characterizing implantable antennas in terms 
of their radiation characteristics. 
 The focus of this thesis is on the forward and backward scattering of an 
implantable 2.45 GHz  Planar Inverted-F Antenna (PIFA), designed for wireless 
interrogation of a sensor that measures Intracranial Pressure (ICP). The PIFAs have been 
designed using a full wave electromagnetic simulation, i.e., Method of Moments (MoM) 
in Ansoft Designer. A measurement set-up was implemented to emulate the implant 
environment using an 8-mm thick scalp phantom (εr = 50 and σ = 2.2 S/m) and an 
absorbing chamber. Characterization was performed in terms of the S11 of the PIFA, the 
S21 for the radio link with the PIFA being connected to transmitting port and a chip 
antenna at the receiving port. Several PIFA prototypes were fabricated on an FR4 
substrate (εr = 4.25 and tanδ = 0.03) and tested with a biocompatible coating, i.e., silicone 
(εr = 3.7 and tanδ = 0.02) of 0-25 mils (0-0.6 mm) thickness.  The performance of the 
 xiii 
silicone loaded PIFA was studied in terms of the shift in the resonant frequency of the 
PIFA due to the coating thickness. The resonant frequency for different versions of the 
PIFAs was observed to be extremely sensitive to the coating thickness with a typical 
sensitivity of 1 GHz/ 0.1 mm at a thickness of 15.5 mils. A thickness of 15.5 mils (0.38 
mm) was found to be the optimum coating thickness for a selected PIFA in terms of 
achieving resonance at 2.45 GHz. Overtime drift in the S11 and S21 behaviors of the PIFA, 
when exposed to the biological environment was also studied. Transmission 
measurements were performed using both a Vector Network Analyzer (VNA) and a 
spectrum analyzer in an absorbing chamber. Direct measurements of S21 with the PIFA 
connected to port 1 and measurements of the received power from an ICP device mimic 
incorporating the PIFA in cranial tissue environment were conducted as part of the trans-
scalp transmission characterization of the PIFAs. 
A decrease in S11 of 1.2-2.3 dB and an increase in S21 of 2.2-2.4 dB, over a period 
of two days, were observed at 2.45 GHz. A decrease in the PIFAs’ resonant frequency of 
8-18 MHz was also observed over the same period of time. Both methods were used to 
estimate the Effective Radiated Power (ERP) achievable through the scalp phantom by 
careful calibrations and characterization of the external probing chip antenna as the 
receiver. A maximum ERP of 2-3 mW was estimated per 1 W of the input power to the 
PIFA at 2.45 GHz. There was a 4-15 % error in estimation between the ERPs for the 
different versions of the PIFA for independent measurements performed at separations of 
11" and 15" between the PIFA and the chip antenna. This ERP measurement helps to 
quantify the communication link loss between the implanted antenna and the receiver 
antenna, which will assist us to estimate the delivered power required to establish a 
 xiv 
reliable telemetry link at a certain distance. For a receiver with sensitivity of -110 dBm 
and a free space communication radio link distance of 10 m, the amount of power 
required to be delivered to an implantable antenna is calculated to be -22.8 dBm, based 
on an ERP of 2 mW at 2.45 GHz.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 xv 
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CHAPTER 1: INTRODUCTION 
 
In the past few decades, dedicated research has been conducted in understanding 
the interaction between the electromagnetic (EM) radiation from the antennas and human 
body. Biomedical antennas were primarily designed for therapeutic [1-4] and later 
diagnostic and surgical applications [5]. Therapeutic applications include catheter 
ablation techniques [1, 2, 6, 7], microwave balloon angioplasty [3, 8] and treatment of 
cancer using hyperthermia [9, 10]. In these applications, microwave energy is used to 
elevate the temperature of  cancerous tissues [9, 10], i.e. to produce heat by means of 
absorbing microwave radiation. Microwaves have also been used to monitor 
physiological parameters [11, 12], where they receive information signal concerning 
temperature distribution in a biological structure which aids early detection of cancer. For 
diagnosis and therapy, antennas can be placed inside the body or outside depending upon 
the type of application which dictates the antenna location.  
In order to characterize the performance of biomedical antennas in a dissipative 
media, a majority of studies have been focused on near-field imaging or Specific 
Absorption Rate (SAR) generated in the vicinity of an antenna, for applications involving 
microwave heat generation such as hyperthermia treatment or catheter ablation [2, 7, and 
9]. However, to keep in pace with the advent of personal wireless communication, 
medical devices like pacemakers, Intracranial Pressure (ICP) monitors, Intra-Ocular 
Pressure (IOP) monitors, and defibrillators (Figure 1.1) are being developed to 
communicate the biological diagnostic information, to be detected by external receiver 
equipment. 
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Figure 1.1: a) Implantable pacemakers, Medtronic InSync III, and b) implantable 
cardioverter defibrillators (ICDs), Medtronic InSync ii Marquis (www.medtronic.com). 
 
 Since implantable antennas exhibit efficient radiation properties through tissue 
(human body), they play an integral role in realizing the communication link between the 
medical device implanted inside the human body and the external equipment. Various 
studies have been performed, involving the use of printed loop antennas implanted in the 
human chest [13], dipole antennas embedded in the human head [14] and body implanted 
low profile microstrip antennas [14] . Other studies on implantable antennas involve the 
design of microstrip spiral, and meandered, and Planar Inverted-F Antennas (PIFA) using 
Finite Difference Time Domain Method (FDTD) have been reported ([14,15]). The 
performance of implantable antennas has also been studied for investigating the 
biotelemetry link for retinal prosthesis [16]. 
 The subject of this thesis is characterizing the performance of implanted antennas 
for ICP monitoring. ICP monitoring can assist in the management of patients with 
   (a)    (b) 
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neurosurgical disorders such as sub-arachnoid hemorrhage, hydrocephalus, brain tumors, 
infarctions, non-traumatic intra-cerebral hemorrhage, Reye’s syndrome and facilitate in 
post surgery monitoring as well. Statistical data indicates that about 1 million traumatic 
brain injuries were reported in 2001 and 70,000 of those cases were for hydrocephalus. 
Hydrocephalus (water head) is a condition in which excessive Cerebrospinal Fluid (CSF) 
accumulates in the skull thus compressing the brain and elevating the ICP [17]. 
Typically, a so called “shunt system” is used to drain out excessive CSF for the treatment 
of hydrocephalus. There are usually high rates of shunt failures in the initial years of 
implantation resulting in elevation of the ICP.  
The presently implemented techniques for ICP monitoring are mainly based on 
using a catheter connected to an external monitor e.g. Camino, SPM-1 (Integra Life- 
sciences Corp. Plainsboro, NJ, U.S.A). Figure 1.2 illustrates a catheter implanted in the 
ventricle, and the placement of the shunt in the ventricle provides a path to drain the 
excess CSF. However, the shortcomings of catheter based monitoring are the risk of 
infection, inappropriateness for long term, usage restriction to hospital settings due to the 
catheter emanating from the patients skull. On the other hand, long term ICP monitoring 
is desirable in patients with recurrent symptoms, e.g. for hydrocephalus. Therefore, the 
need to develop a permanently implantable ICP monitor was recognized. The features of 
an ideal implantable ICP device are small size, ruggedness, completely implantable, long 
term wireless monitoring capability and biocompatibility over the life-time of the patients 
[17, 18]. Wireless monitoring reduces the risks of infections in patients and also provides 
mobility to the patients, as their conditions could eventually be monitored remotely.  
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Figure 1.2: a) Catheter implanted in the ventricle, and b) placement of shunt in the ventricle 
(www.adam.com). 
 
 Previously, ICP monitoring by means of an epidural piezo-resistive ICP device, 
implantable in the skull, was studied by a team of researchers supervising this thesis [17-
20]. Results of in-vitro and in-vivo (dogs) experiments performed with this ICP device 
were reported [19]. Figure 1.3 illustrates the position of the implanted ICP device in the 
skull. An epidural and subdural placement of the implant in the skull has been 
diagrammatically presented in [21]. As depicted in Figure 1.3, the sensor is exposed to 
the CSF in sub-arachnoid space for sub-dural pressure detection, and in epidural 
detection the sensor maintains a contact with the dura mata and relies on dural deflection. 
 The ICP device is now being modified for sensing the subdural pressure and 
transmitting the pressure information at 2.45 GHz through scalp [21]. In the previous 
studies [18, 20] a chip antenna covered by biocompatible silicone material was used in 
the device, where phantom [20] and animal (pig) [18] studies. However, it was observed 
that the performance of the antenna is highly influenced by the thickness and dielectric 
properties of the lossless biocompatible superstrate (silicone) covering the antenna [19].  
 Due to size constraints for the implant as well as limited radiation performance of 
the chip antenna, it was required to replace the chip antenna by a low-profile and compact 
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microstrip antenna. The performance of the microstrip antenna (PIFA) for ICP 
monitoring is governed by the dielectric properties of the biocompatible coating 
(silicone) and the scalp. An extensive study of the resonance and radiation behaviors of 
the implantable PIFAs in a biological environment emulating the scalp is the motivation 
for conducting this research.  
 
Figure 1.3: Diagrammatic representation of the device placement in skull; a) sub-dural 
device implantation, and b) epidural device [21]. 
 
 
The emphasis is on characterization of the reflection and transmission performances of a 
microstrip antenna (i.e., PIFA) which has replaced the chip antenna utilized in the studies 
reported earlier in [18, 20]. The goals are i) to evaluate the impact of silicone thickness 
(lossless superstrate) on the resonance frequency of the PIFA, from simulations as well as 
experiments, ii) to observe the reflection (S11) and transmission (S21) behaviors of the 
antenna overtime, iii) to identify the Effective Radiated Power (ERP) through a scalp 
phantom (lossy superstrate) by conducting transmission measurements, and iv) to 
investigate the amount of power delivered to the ICP device antenna to achieve a 
designated range of operation. The PIFA designed and evaluated in this thesis is utilized 
in the latest epidural ICP device with a MEMS sensor that is discussed in [21]. 
(a) 
(b) 
Sub-dural 
Device 
Superior Sagittal 
Sinus 
Sutured 
Scalp  
         
Skull 
Epidural Device 
Sub-arachnoid  
Space Dura mata 
Arachnoid 
Pia mata 
Cerebral 
Cortex 
Dura mata 
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     Chapter 2 reviews and discusses frequency standards licensed by the Federal 
Communication Commission (FCC) and other potentially viable standards for medical 
device communications. It also provides a background of biomedical antennas and their 
applications. It further reviews the current state of implantable antennas in the field of 
biotelemetry and types of implantable antennas like microstrip antennas, PIFAs, etc., 
along with characteristics of implantable antennas. The statement of the problem is also 
presented in Chapter 2. A set of full wave electromagnetic simulation, i.e. Method of 
Moment (MoM) in Ansoft Designer, used in the design of various versions of PIFAs as 
well as the impact of silicone coating on the antennas resonant frequency, has been 
discussed in Chapter 3. The measurement setup used for the experimental studies has 
been described in Chapter 4. A Vector Network Analyzer (VNA) set-up is introduced for 
evaluating the reflection and transmission properties of the PIFA in 50 Ω systems.  The 
set-up can also be utilized with a spectrum analyzer for evaluating the transmission and 
reflection properties of the PIFAs mounted on the ICP measuring device. Chapter 4 also 
provides experimental results for the reflection and transmission measurements obtained 
from both the set-ups, as well as the results of estimated ERPs for selected PIFAs. 
Finally, a conclusion and future work of the thesis is provided in Chapter 5. 
Appendix-A enlists the acronyms used in the thesis. Appendix-B discusses the list 
of measurement equipments and software’s used in conducting the study conducted in the 
thesis. Finally, Appendix-C provides some important MATLAB codes utilized to 
generate the results described as part of Chapters 3 and 4. 
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CHAPTER 2: LITERATURE REVIEW AND PROBLEM STATEMENT 
 
 
2.1 WIRELESS RADIO FREQUENCIES APPLICABLE FOR MEDICAL DEVICE 
COMMUNICATION  
 IEEE defines several frequency standards for medical device communications for 
providing interconnection and interoperability of medical devices and computerized 
healthcare information systems [22]. The frequency bands applicable and potentially 
viable for the use of medical devices have been specified by the FCC, namely; 402-405 
MHz Medical Implantable Communication Services (MICS) band and 900 MHz and 2.4 
GHz Industrial, Scientific, and Medical (ISM) bands. FCC defines different output 
radiated power levels, electric field intensities, modulation methods, along with various 
numbers of allocated channels, channel bandwidth, antenna gains, etc. The medical 
devices must comply with the specifications for each frequency band for the deployment 
at these bands. The specifications of these bands particularly for medical device 
applications are discussed below.  
 
2.1.1 ISM BAND 
The ISM bands were originally reserved internationally for the use of RF 
electromagnetic fields for industrial, scientific and medical purposes other than 
communications. Presently, the main application of ISM band is communication. Devices 
operating at ISM frequencies must be capable of handling interferences from other 
equipments, operating in the same band. FCC governs the operations of ISM band and 
has set rules permitting intentional radiators to radiate at power levels of up to 1W 
without any end user licenses.  
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902-928 MHz Band: Low-power, non-licensed devices operating in the 902 - 928 MHz 
ISM band are everywhere, from simple toys, wireless security systems, wireless 
telemetry, and wireless automatic meter reading. The devices in this band are limited to 
Frequency Hopping Spread Spectrum (FHSS) and Direct Sequence Spread Spectrum 
(DSSS) modulation schemes. For systems employing 50 or more channels, the maximum 
peak conducted output power is +30 dBm (1 W). However, the power spectral density 
conducted from the intentional radiator to the antenna shall not be greater than 8 dBm in 
any 3 KHz band during any time interval of continuous transmission. The FCC [23] also 
specifies the maximum permissible field strength to be 50 mV/m or 93.98 dBµV/m (since 
the field strength limits are specified at a distance of 3 m from the radiating source, this 
equates to a conducted power of approximately -1 dBm when measured at the antenna 
port in free space).  Medical devices implemented in this band should comply with these 
requirements. As the band is unlicensed, it is easier to operate in this band; however, 
interferences from other equipments operating in the same band should be minimized. 
2.400-2.483 GHz Band: The 2.4 GHz ISM band is another potential band for 
communication with medical devices. Today, it is used for a variety of services, like 
wireless LANs, WiFi and Bluetooth. In addition, cordless telephones, short range links 
for advanced traveler systems (electronic toll collection), garage door openers, home 
audio distribution and household microwave ovens operate in this frequency band. 
According to [24], the maximum Effective Isotropic Radiated Power (EIRP) is -10 dBW 
(100 mW). The system must involve spread spectrum techniques, such as FHSS or DSSS. 
The frequency band available is from 2.4000 GHz to 2.4835 GHz with a tolerance of   
±50 MHz. The fundamental frequency has field strength of 50 mV/m at a distance of 3 m 
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for any transmitter. This band is not standardized for dedicated use of implantable device 
communications but is potentially viable because of small antenna sizes that could be 
used at this band. The size of the antenna in the GHz range reduces greatly as compared 
to its size in the MHz range. The receiver antenna can be integrated with the device and 
function as part of a completely integrated implantable device. Medical devices designed 
to operate in this band must be in compliance with the requirements with respect to size, 
power, antenna performance, and receiver design. The advantages of 2.4 GHz band (high 
frequency) are that it entails the use of small and compact antennas and provides higher 
bandwidth at short range. The fact that it is unlicensed provides more flexibility, although 
increasing the risks of interference.  
2.1.2 MEDICAL IMPLANT COMMUNICATION SYSTEM (MICS) 
The European Telecommunications Standards Institute (ETSI) [24] has 
standardized the MICS band in [25]. The ETSI documents use of this band in 
telecommunication between a base station and an implantable medical device. The 
frequency band allocated is 402 MHz to 405 MHz. These frequencies have propagation 
characteristics conducive to the transmission of radio signals within the human body. The 
maximum emission bandwidth to be occupied for an entire session is 300 kHz. The 
maximum power limit is set to 25 µW Effective Isotropic Radiated Power (EIRP) by the 
FCC [25]. Medical devices designed to operate in the 402-405 MHz band can satisfy 
these requirements with respect to size, power, antenna performance, and receiver design. 
The use of 402-405 MHz MICS band reduces a significant risk of interference to other 
radio operations. 
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2.1.3 WIRELESS MEDICAL TELEMETRY SERVICE (WMTS) 
 The WMTS band has been established by the FCC for providing remote 
monitoring of patients as defined in [26]. The advantage of WMTS band is that the 
patients have higher mobility and are not required to be tethered to the hospital. The 
frequency allocation for WMTS provides spectrum where the equipment can operate on a 
primary basis, increasing the reliability of this important service. FCC [26] has allocated 
14 MHz of spectrum for use by medical telemetry equipment in the 608-614 MHz, 1395-
1400 MHz and 1429-1432 MHz bands. Allocating two separate bands facilitates two-way 
communication and gives medical telemetry greater flexibility. The FCC currently does 
not allow home use as well as any applications in vehicles and ambulance of WMTS 
equipment because of a concern that temporary use of such equipment at many dispersed 
locations would make it difficult to coordinate the operating frequencies, resulting in 
harmful interference. Table 2.1 summarizes the requirements of different frequency 
bands standardized by the FCC for medical device applications. 
Table 2.1: Summary of the FCC standards dedicated for medical implant communication 
(MICS) and potentially viable ISM band. 
 
Frequency 
Band 
Field 
Strength 
Max 
Output 
Power 
EIRP Max. 
Emission 
Bandwidth 
Modulation 
Technique 
Applications 
ISM[23]: 
2.4 GHz 
50 
mV/m 
@ 3 m 
1 W 
 
100 mW  
 
 
300 KHz FHSS, 
DSSS 
Wireless LAN’s, WiFi, 
Bluetooth, medical 
devices 
ISM [23]: 
902-928 MHz 
50 
mV/m 
@ 3 m 
1W 6.3 mW 500 KHz FHSS, 
DSSS 
Low power, non-
licensed wireless 
security devices, 
wireless telemetry, 
medical devices 
MICS [25]: 
402-405 MHz  
 1 W 25 µW 300 KHz FHSS, 
DSSS 
Medical implantable 
devices 
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2.2 IMPLANTABLE ANTENNAS INSIDE HUMAN BODY 
2.2.1 BIOMEDICAL ANTENNAS 
Studies of electromagnetic (EM) field interactions with biological systems have 
been conducted by various groups for decades. The electrical processes inherent to 
biological systems and various medical and biological applications of EM fields have 
been studied extensively. Biological EM applications can be broadly classified into two 
main groups; a) therapeutic and b) informational which includes diagnostics and 
measurement of the EM properties of the biological materials, and telemedicine. The 
radiated field performance of the antennas in a dispersive medium [27,28]  has been 
analyzed, which verifies the use of antennas for biomedical applications. Therapeutically, 
biomedical antennas have been used in several applications including catheter ablation 
(cardiac) [6, 7, 29, 30], balloon angioplasty [3], and cancer treatment using hyperthermia 
[4]. Microstrip antennas have been used for informational applications including probing 
for dielectric property measurement [31] and sensing the presence of a dielectric object 
[32]. The limitation in the use of biomedical antennas is high sensitivity to the 
environment. This in a way makes them highly effective sensors as they inherently 
deposit large amounts of power in their near-field, particularly when they are embedded 
in lossy material, and makes them good therapeutic tools as well. These characteristics of 
biomedical antennas are advantageous for sensing or therapy but are disadvantageous for 
communication. Figures 2.1, 2.2 and 2.3 are few illustrations of biomedical antennas used 
in therapy and diagnosis. Figure 2.1 depicts a microwave balloon angioplasty system and 
Figure 2.2 shows a schematic diagram of the transurethral microwave balloon catheter. 
Figure 2.3 illustrates a sketch of the placement of the miniature coaxial applicator for 
treating a brain tumor. 
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Figure 2.1: Microwave balloon angioplasty system [33]. 
 
 
 
 
Figure 2.2: Transurethral microwave balloon Catheter: a) schematic diagram of the 
catheter, and b) photograph of the catheter [34]. 
 (a) 
 (b) 
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Figure 2.3: Schematic of the placement of a miniature coaxial applicator for treating brain 
tumor [5]. 
 
2.2.2 BIOMEDICAL ANTENNAS FOR COMMUNICATION 
  
 Emerging antenna applications in medicine today, are not only for therapeutic and 
diagnostic purposes but also communications. Implantable antennas are used as part of a 
biotelemetry system in order to build wireless communication links between implantable 
devices and external equipment. A schematic diagram depicting the extent of research in 
the field of implanted antennas based on types of applications and analyses performed for 
understanding the behavior of the antennas depending upon the complexity of 
applications has been depicted by Kim and Rahmat-Samii (Figure 2.4) [14]. 
In design of an optimal wireless medical communication system, understanding 
the impact of the surrounding environment on the performance of implantable antennas is 
essential. The behavior of the antennas can be evaluated from simulations based on 
numerical analysis and experimentally, by devising novel measurement set-ups. Several 
types of antennas have been used or proposed for a variety of embedded wireless 
communication applications.  
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Figure 2.4: Schematic diagram depicting some typical applications of implantable antennas 
and the techniques used in design and analysis of their performances [14]. 
  
Inductively coupled coils i.e. coils of wire around a dielectric or ferrite core, have been 
used for biomedical telemetry [35], although size/weight and biocompatibility issues 
plague the coil-wound devices. For communication with the pacemaker, a microstrip [36] 
antenna has been designed using FDTD method. “Waffle-type” design of smaller and 
better matched microstrip biocompatible antennas along with antenna models using well 
constrained Genetic Algorithms (GA) is presented in [37]. Design of microstrip spiral 
and serpentine implantable antennas for communication with medical implants in the 
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MICS band has been discussed in [38]. Microstrip patch antennas have been designed at 
1.45 GHz and 2.45 GHz to establish a data telemetry link for dual-unit retinal prosthesis 
[16]. Scanlon and colleagues [7] have studied a printed loop antenna in a whole body 
phantom model (chest) at 418 MHz, by performing FDTD simulations. Figure 2.5, 2.6 
and 2.7 illustrate some of the designed implantable microstrip antennas for 
communication with medical devices. Figures 2.7 (a) and 2.7 (b) are different in terms of 
the dimensions A, B, C and D which affect the characteristics of the two antennas. All 
dimensions are in mm. 
 
 
Figure 2.5: a) Meandered PIFA and b) Spiral PIFA designed to operate in the MICS band 
for an implantable device in a human body [15]. 
 
  
   (a) 
(b) 
Feed Point 
Feed point 
Grounding Pin 
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 Superstrate 
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Figure 2.6: Fabricated extraocular and intraocular antennas at 2.45 GHz designed for 
investigation of a microwave data telemetry link for retinal prosthesis [16]. 
 
 
 
 
 
Figure 2.7: a) Spiral microstrip antenna and b) Serpentine microstrip antennas (in mm) 
designed for communication with medical implants in the MICS band [38]. 
 
  
Characteristics of the implantable antennas like resonant frequency and radiation 
characteristics outside the body must be understood. For this purpose, a detailed study of 
the topics and necessary tradeoffs between them involving miniaturization and designs of 
implantable antennas are required, that effectively operate in the surrounding body 
Extraocular 
antenna 
Intraocular 
antenna 
(a) (b) 
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environment with the desired radiation performance, safety issues based on SAR 
distributions and communication link characteristics in terms of maximum available 
power and EIRP/ERP regulatory limitations.  
 
2.2.3 COMMUNICATION THROUGH PHANTOMS 
 The biological materials like fluids, muscles, and skin have large water content. 
Fat has low water content. Therefore, appropriate phantoms should be produced for 
conducting experimental studies.  Phantoms are required to understand the mechanisms 
of Electromagnetic (EM) interaction with the biological materials and any deleterious or 
beneficial effects due to the interaction. EM phantoms can thus be used to mimic the 
behavior of the biological materials in response to the EM interactions. Basically an EM 
phantom material is a lossy dielectric emulating the dielectric behavior of a given 
biological medium at the specified frequency and temperature. In this thesis, a phantom 
material, i.e. Polyacrylamide gel was used to emulate the scalp as shown in Figure 2.8 
and was prepared using the recipe as presented in [18, 39]. The advantages of using 
Polyacrylamide gel are, i) It can be easily shaped into complex forms, ii) it is optically 
transparent facilitating the use of insertion probes, iii) it can be readily prepared with a 
wide range of highly reproducible values of electrical parameters, iv) cost efficient, and  
v) it is easy to be prepared. Also, 0.9 % saline solution has been used to emulate the 
Cerebrospinal (CSF) fluid in this thesis.  
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Figure 2.8: Polyacrylamide gel phantom emulating the scalp, used for measurements. 
 
 
2.3 LOW-PROFILE ANTENNAS FOR IMPLANTABLE MEDICAL DEVICES 
 Various designs of implantable antennas have been reported in the literature.  One 
of the key aspects of implantable antennas in comparison with the antennas in air is that 
only a few implantable antennas have been tested and documented. Two main groups of 
implantable antennas are the wire antennas, and antennas that can conform to the shape 
of the implant i.e. microstrip antennas.  Low profile antennas are desirable in high 
performance aircrafts, spacecraft, satellite, and missile applications associated with 
constraints of size, weight, cost, ease of installation, profile, etc. Microstrip antennas with 
their low profile and conformable nature to planar and nonplanar surfaces can meet these 
constraints. Printed circuit technology is relatively inexpensive for the manufacture of 
microstrip antennas, because of the simple 2-D geometry. Microstrip antennas are also 
mechanically robust when mounted on rigid surfaces and very compatible with 
Monolithic Microwave Integrated Circuit (MMIC) designs. For a particular patch shape 
they are versatile enough in terms of the resonant frequency, polarization, radiation 
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pattern, and impedance [40].  
2.3.1 MICROSTRIP ANTENNAS       
 A planar antenna, (i.e. microstrip antenna) can be placed on the top surface of a 
typical implant. The planar antennas consist of a flat slab of dielectric substrate, with one 
side covered with metal which makes up the ground plane and the other side includes the 
antenna metallization. The drawback of microstrip antennas when utilized for 
implantable applications is that the metallization on the top surface makes a direct contact 
with the tissues, giving rise to biocompatibility issues. The solution is to cover the 
metallization with another layer of biocompatible dielectric material, which increases the 
effective thickness of the antenna. An important aspect is that loading of the antenna by 
the tissues which produce a physically smaller antenna as permittivity of the dielectric is 
higher than air. Inside the body, typical permittivity values of the tissues loading the 
antenna are 45 to 60 in case of muscle, and 4 to 15 in the case of fat at low microwave 
frequencies. The use of biocompatible dielectric coating (e.g. a permittivity of 3) on the 
microstrip antenna can possibly result in a larger antenna, compared to an antenna placed 
directly in the tissue itself.  
2.3.2 PATCH ANTENNAS 
 A patch antenna is a narrowband antenna fabricated by etching the antenna 
metallization on an insulating dielectric substrate with a ground metallization on the 
opposite side of the substrate. A typical patch antenna geometry has been shown in 
Figure 2.9. An early model of the patch antenna is a section of microstrip transmission 
line with equivalent loads on either end to represent the radiation loss as shown in the 
Figure 2.10.      
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Figure 2.9: Microstrip Patch antenna geometry [41]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.10: Transmission line model of a microstrip patch antenna [41]. 
  
Patch antennas can be used for the medical implant. It is compact and small 
compared with the wavelength, and can be placed on the flat side of the implant. Its 
usefulness depends upon its behavior in a lossy medium. As seen from Figure 2.10, the 
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patch antenna has a resonant structure with a plate placed over a ground plane. Because 
of the plate’s dimensions, there will be a standing wave across the patch. It is fed at a 
position that excites the resonating modes, and has matching impedance to the antenna 
feed. The space between the patch and the ground plane is loaded with a dielectric 
substrate in order to reduce the wavelength and the size of the patch. If a patch antenna is 
placed in a lossy matter, reflections at the ends of the patch will be reduced; the patch 
surface is essentially extended infinitely by the lossy matter. The wave propagating 
between the patch and the ground plane is a surface wave and the radiation from this is 
very small. The resonant structure of the patch is thus lost. However, for the antenna to 
be useful, it must be covered with a dielectric having sufficient thickness and dielectric 
permittivity in order to keep the patch sufficiently small to be placed in the implant. 
2.3.3 PLANAR INVERTED-F ANTENNA (PIFA)  
 The PIFA is simply half of the usual square patch, where a short circuit is placed 
along the dividing edge. Although the corresponding square or circular patches are easier 
to manufacture because they do not require the short circuited edge, they use twice the 
cavity volume and so in practice have a higher Q for single feeds [42]. The physical size 
of the PIFA is reduced effectively by shorting one side of a microstrip patch antenna as 
shown in Figure 2.11. The PIFA is composed of a short-circuit plate, a rectangular planar 
element, and a ground plane.  
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Figure 2.11: Standard type PIFA [41]. 
 
 The width 'W’ has an effect on the impedance and the length ‘S’ (S1+S2) has an 
effect on the resonant frequency. In Figure 2.11, h and εr are the thickness and the 
relative permittivity of the substrate, respectively. When the resonant frequency is fr and 
the effective relative permittivity is εe, the width W and the length S are obtained as [42]; 
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where, εe = (εr+1)/2. If W is narrower than the width calculated from Eq. 2.1, the 
radiation efficiency is poor. For the wider width, the radiation efficiency is good, but 
higher-order modes are generated. Because the bandwidth of the patch antenna is narrow, 
the length S is a critical parameter for the desired resonant frequency. The resonant 
frequency depends upon the ratio of D1/D2 in Figure 2.11 [41].   
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 Simulations presented in [14] demonstrate that the PIFA antennas have better 
efficiency than the microstrip antennas. This is explained by the fact that PIFAs utilize 
both electric fields and high currents in the loop created around the grounding pin. One-
half of the antennas will thus work as a magnetic antenna. This magnetic monopole has 
lower magnetic losses than the electric monopole and thus higher efficiency.   
 
2.3.4 OTHER IMPLANTABLE ANTENNAS  
Wire Antennas : One category of antennas used for implants is the wire antennas [43]. 
The basic function is the same as a long wire antenna as shown in Figure 2.12. Since the 
medium surrounding a wire antenna in matter is lossy, the traveling wave is attenuated as 
it travels along the wire. When the wave is reflected at the end of the wire antenna, it will 
travel back towards the feed point. Thus, the impedance at the feed point depends on the 
length of the antenna and the reflection at the furthest end. If we surround the wire 
antenna with an insulation that has a much lower permittivity than the surrounding 
matter, then we can alter the phase velocity in the wire. The loss per unit length is lower, 
since the lossy matter is now removed from the region of the strongest near-field. Thus, 
the reflection has a larger impact on the impedance.  
 
Figure 2.12: Wire antennas, a) the dipole antenna, b) the V dipole antenna, and c) the 
folded dipole antenna [42]. 
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  In a lossy matter, the insulated wire antenna can be treated as a coaxial 
waveguide. The lossy matter acts as the outer conductor. This waveguide has a 
propagation constant, γ, which is influenced both by the dielectric properties of the 
insulation as well as the surrounding matter. Thus, the input impedance of the wire can be 
approximated from [44]; 
)Lcoth(ZZ o
'
wire !=                                                                                        (2.3) 
where, L is the length of the wire, γ is the propagation constant, and Z0 is the effective 
characteristic impedance of the waveguide. 
Circumference Antenna: The circumference antenna is a compact antenna that is 
mounted around the edge of a pacemaker case [45]. The interesting property of the 
circumference antenna is that it conforms to the shape of the medical implant it is placed. 
Thus, it does not influence the mechanical properties of the implant to a large degree. The 
analysis of the circumference antenna follows from the monopole quarter wave antenna 
in air. In the lossy case, the angular frequency of the circumference antenna becomes 
complex, corresponding to a damped resonance. The drawback of this antenna is that it 
has very low impedance, in the range of 5 Ω to 10 Ω. This is good for an antenna 
working as a transmitter; but it complicates the construction and the testing of these 
antennas, since the universal standard of measurement impedance is 50 Ω. Figure 2.13 
shows the CAD model of the circumference wire antenna and a circumference PIFA. 
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Figure 2.13: The CAD model of a) circumference wire antenna, and b) Circumference 
PIFA. The thin circle is the radial extent of isolation [69]. 
 The circumference antenna can be modified as a circumference PIFA, which is an 
adaptation to the circumference geometry of the inverted-F antenna. The circumference 
antenna has a wire structure. However, the circumference PIFA has a circular plate 
structure. The plate structure of the antenna will behave as if the impedance to the ground 
were added at the feed point. This antenna has the benefit of having an impedance of 
approximately 50 Ω, and is thus easy to match to the typical RF impedance of 50 Ω. The 
bandwidth of the circumference PIFA is large as compared to the bandwidth of the 
circumference antenna.  
Coil Antennas: Another type of biomedical antenna is a coil antenna. In [42], it is shown 
that the magnetic field is increased at the interface between air and the body, the antenna 
operating as a magnetic antenna could then be advantageous. The magnetic antenna is 
therefore a better choice, based on the theoretical efficiency calculations of the antennas 
in a lossy matter. Ferrites are often used to improve the performance of the magnetic 
antennas. The ferrite material has an upper frequency limit, over which the permeability 
of the material falls.          
(a) (b) 
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 A magnetic coil antenna is inductive at low frequencies. There is a capacitive 
coupling between adjacent turns of the coil. Thus each turn constitutes a resonant circuit. 
At low frequencies this antenna is inductive and at high frequencies it becomes 
capacitive. In order to have an effective magnetic antenna, it must operate below its 
resonance.          
 The implanted antenna radiates a much smaller power to the free space than 
mobile antennas in personal wireless communications because of high absorption of 
RF/Microwave power in a human body [14]. Therefore, it is required to improve the 
radiation performances of implanted antennas mounted on active implantable wireless 
devices by adjusting the width of the planar radiators. PIFA structures with superstrate 
dielectric layers are designed for implantable active medical devices. To further reduce 
the dimensions of the PIFA, meandered and spiral-type planar radiators are applied [15]. 
These PIFAs are located on an implantable medical device in order to estimate their 
radiation characteristics in terms of the radiation efficiencies and SAR. Modified PIFA 
with a non uniform width radiator [46] is applied instead of the uniform width radiator 
[15] which decreases the electric field intensity at the end of the radiator. It also reduces 
the peak SAR and broadens the impedance matching bandwidth. Recently, in [47] a 
compact miniaturized stacked broadband implantable PIFA has been suggested for 
biotelemetry applications in the MICS band which claims that to have a better return loss, 
10-dB bandwidth, and improved power level for telemetry applications in comparison 
with the PIFAs proposed in [14, 38]. Gosalia and his colleagues [16], investigate a data 
telemetry link for retinal prosthesis at microwave frequencies of 1.45 and 2.45 GHz. 
Using a pair of microstrip patch antennas (extraocular and intraocular), coupling 
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performance of the link is studied for the first case when both the antennas are separated 
in free space and second case when the intraocular antenna is embedded in an eye 
phantom. 
2.4 IMPLANTABLE ANTENNA CHARCTERISTICS 
2.4.1 RETURN LOSS         
 The antenna can be viewed by its impedance or as a single port device from a 
circuit viewpoint. Thus, the impedance of the antenna can be measured from any 
impedance measurement method taking into account the transmission line type used as an 
antenna feed. Since most of the RF systems have a characteristic impedance of 50 Ω, the 
input impedance of the antenna must also be matched to 50 Ω. In general, the closer the 
antenna is matched to a 50 Ω, more RF power is radiated by the antenna as opposed to 
being reflected back to  the cables (source) connected to the antenna.  In order to quantify 
the amount of reflection of RF power on account of impedance mismatch at the input port 
of the antenna, the return loss is introduced. Return loss is expressed as the difference (in 
dB) between the power incident upon the input port of the antenna and the amount of 
power reflected back by the antenna acting as a load due to mismatch. The return loss of 
an antenna can be measured using a Vector Network Analyzer (VNA) in a typical 
laboratory environment with moderate accuracy. The measurement can be improved by 
placing the antenna typically in an absorbing chamber, i.e., by placing absorbers in the far 
field of the antenna. However, the impedance measurements are best to perform when the 
antenna is placed in an anechoic chamber.        
 At the resonant frequency of the antenna, the return loss is highest, (S11 is lowest) 
i.e. at resonance, the antenna impedance is ideally resistive and hence, minimum power is 
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reflected by the resistive load (antenna at resonance). For implantable antennas, such as 
microstrip antennas, the resonant frequency is a function of the length of the antenna. The 
resonant frequency also depends on the type of loading on the antenna layer. The 
permittivity of the biocompatible dielectric used for loading the antenna and the 
surrounding tissues affect the resonant frequency. Hence, the resonance characteristics of 
the antenna, i.e., S11 bandwidth, and the amount of return loss in dB are affected by the 
biocompatible dielectric. Antennas with higher return loss generally have a lower 
bandwidth. Since the resonant frequency is sensitive to the tissue composition, a wider 
bandwidth is preferred. Thus, for implantable antennas, a return loss of 10-15 dB is good 
which in turn reduces the likelihood of interruption in the communication link between 
the implanted medical devices for antennas loaded by highly inhomogeneous tissue and 
the receiver outside. The implantable antennas are designed to have a reasonable amount 
of return loss, in order to improve the gain of the link. The link gain can be expressed in 
terms of the ratio of amount of power received by the receiver outside the body and the 
power delivered to the antenna implanted inside the body. The link gain can be obtained 
from Friss formula as, 
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where Pr is the power received by the receiving antenna, Pt is the power delivered to the 
transmitting (implanted) antenna, Gt is the gain of the transmitting antenna, Gr is the gain 
of the receiving antenna, D is the separation between the transmitting and receiving 
antenna, Γt is the input reflection coefficient representing the mismatch in the transmitter 
and the transmitting antenna, Γr is the output reflection coefficient representing mismatch 
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between the receiver and the receiving antenna, λ = c/f, where, c = 3 x 108 m/s (speed of 
light),  f is the frequency of transmission, and ep is the polarization mismatch factor 
which accounts for the mismatch in polarization between the transmitting and receiving 
antennas. 
2.4.2 TISSUE INSERTION LOSS 
 Practically, antennas have radiation, conduction (ohmic), dielectric and surface 
wave losses.  For thin substrates, the loss due to surface waves is low and hence can be 
neglected. However, the conductor and dielectric losses define the total attenuation 
caused to the waves propagating on the microstrip line. For a quasi-TEM line, the 
attenuation due to dielectric loss [40] is given by, 
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where, 
!
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=k  is the wave number, εr is the relative dielectric constant of the 
dielectric substrate of the microstrip, εe is the effective dielectric constant for the 
superstrate layer and the substrate of the microstrip, tanδ is the loss tangent of the 
dielectric, and εr(εe-1)/εe(εr-1) is the “filling factor” which accounts for the fringing fields. 
For FR4 as the substrate (Chapter 3) with the relative dielectric constant of 4.25, 
consequently, the effective dielectric constant can be estimated as 3.6, at the frequency of 
2.45 GHz, with a loss tangent of 0.03, Eq. 2.5 yields a αd of 0.922 Np/m. Note that this 
value does not take into account the effect of superstrate. Also the attenuation due to 
conductor loss in [40] is given by,   
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R is the surface resistivity of a conductor. For copper as the conductor, 
with a microstrip width of 0.5 mm, the attenuation constant due to conductor loss is       
0.051 Np/m. from Eq. 2.6.         
 In the case of implantable antennas, besides the conductor and dielectric losses, 
they have an insertion loss termed as the tissue insertion loss. The implantable antennas 
are placed in the tissues making direct contact with the antenna in the presence of a 
biocompatible dielectric (buffer layer). Thus, the amount of loss of power due to 
absorption in the tissues in contact with the radiating antennas is defined as the tissue 
insertion loss. The tissue insertion loss for the designed PIFA is discussed later in 
Chapter 4. It is observed that the loss in the presence of the tissue (phantom) is 20-25 dB 
at 2.45 GHz for 8 mm thick muscle-like phantom. Thus the tissue insertion loss is much 
more pronounced than the conductor and dielectric losses in the case of implantable 
antennas. 
2.4.3 GAIN OF IMPLANTABLE ANTENNAS     
 The antenna gain is a passive phenomenon because the antenna does not 
contribute to the amount of power delivered by the source. The antenna redistributes the 
power delivered to it in a directive manner by simply providing more radiated power in 
one direction and less power in the other directions. Thus, antennas with high gain are 
advantageous in terms of the range and signal quality. Based upon the application, a low 
gain is desirable for wider angular coverage. The implantable antennas typically have a 
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low gain and narrow bandwidth. In order to measure the gain of the implantable antennas, 
the effects of tissue (phantom) and the biocompatible coating over these antennas must be 
understood. The gain of an implantable antenna can be measured by the gain 
measurement method using Friss transmission formula given in Eq. 2.4. The 
communication link is set-up between an implantable antenna, which is part of the 
transmitter implanted inside the body and a receiving antenna as part of the external 
receiver. The gain of the transmitting antenna can be then determined in terms of the 
separation between the antennas (D), the frequency of radiation (f), the measured power 
received at the receiver, and the power delivered to the implanted antenna. As explained 
later in the thesis, this measurement set-up is realized and the gain of the antenna is 
measured from the obtained S-parameters for the communication link.   
2.4.4 SAR CONSIDERATIONS vs. FCC POWER LIMITS    
 RF radiation is classified as non-ionizing, i.e., this radiation cannot ionize the 
biological materials like human tissues. Thus the harmful biological effects of RF 
radiation are believed to be limited to those caused by the rise of temperature of the 
tissues due to absorption of RF energy. Thus, in the U.S.A and other countries, cellular 
and wireless handsets must meet the regulatory requirements for the maximum SAR 
levels. The antenna location, the near field emission characteristics, and the RF power 
and frequency establish the basis of compliance with SAR levels. Thus in investigating 
health issues of RF transmitters and antennas, it is essential to determine the absorption 
of energy per unit mass of the tissue in terms of SAR. The SAR [48] is expressed as; 
!
"
==
2
E
dm
dP
SAR
2
a     (W/kg)                                                                           (2.7) 
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where dPa is the power absorbed in watt, dm is the mass in kg of a certain infinitesimal 
volume of the tissue, σ is the local effective conductivity of the tissue material in S/m, ρ 
is the mass density in kg/m3 and E is the electric field intensity. Thus, the SAR is a 
measure that estimates the amount of RF power absorbed in a unit mass of tissue.  The 
regulatory limit in the USA on the peak SAR is 1.6 W/kg. The power delivered to the 
implantable device should be adjusted in such a way that the amount of RF power 
radiated from the tissue generates an SAR which is less than 1-g peak SAR of 1.6 W/kg 
in order to avoid any violations for the same.  
 2.4.5 EFFECTIVE RADIATED POWER (ERP)     
 As discussed earlier, the FCC also specifies the limitation on any device operating 
in the respective bands in terms of the maximum power radiated. The EIRP identifies the 
ratio of power density (proportional to the square of the field intensity) in any direction to 
the power density of an isotropic source for the same distance, with the isotropic source 
being fed by a delivered input power of 1 W. EIRP typically takes into account the losses 
in the transmission line and connectors and also includes the gain of the transmitting 
antenna. EIRP = PDGt, where, PD being the delivered power to the antenna and Gt being 
the antenna gain.  The definition of ERP remains the same but the isotropic source is now 
replaced by another reference antenna. If the reference source antenna is a half wave 
dipole then the ERP is denoted in units of dBd (dB with respect to dipole) which is dBi 
(dB with respect to the isotropic) reduced by 2.15 dB (the gain of a dipole is 2.15 dB). It 
is necessary to monitor the ERP limit for any implanted device operating in a particular 
band so as to avoid any undesired interferences to the neighboring radio services and 
other implants. For this purpose, we need to evaluate the EIRP/ERP in our system in 
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terms of radiation from the implanted device using the PIFA for radiation. As listed in 
Table 2.1, the maximum EIRP limit in the ISM band is 100 mW and in the MICS band is 
25 µW. Thus, the amount of power delivered to the transmitting antenna needs to be 
controlled appropriately.  
2.4.6 POLARIZATION OF IMPLANTABLE ANTENNAS    
 The polarization of microstrip patch antennas is linear and directed along the 
resonating dimension when operated in the dominant mode. Patches with larger 
bandwidth may operate with higher order modes which are typically sources of cross 
polarization. Another source of cross polarization is the fringing field near the non-
radiating edges of the patch antennas which are oriented at 90º with respect to the fields 
of the radiating edges. The cross-polarization level generally increases with the increase 
in the thickness of the substrate of the antennas. Also, circular polarization can be 
obtained by suitably adjusting the feed point in tandem with the width of the microstrip 
patch [49].  Ideally for the dominant mode of TM10 excitation and linear polarization, the 
mode TM02 contributes the most to cross-polarization. According to [50], the                  
co-polarization radiation of a patch antenna is not affected by the resonant frequency and 
the substrate thickness, but the cross-polarization level increases with the resonant 
frequency and/or the substrate thickness. 
2.5 PROBLEM STATEMENT 
The design considerations explained for microstrip antennas can also be 
implemented in the design of implantable antennas. In fact, designing antennas for 
embedded applications is extremely challenging because of reduced antenna efficiency, 
the impact of the adjacent environment (e.g. tissue) on the antenna, the need to reduce 
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antenna size, and the very strong effect of multipath losses. A general theory of 
embedded antennas demonstrates their unique constraints and design considerations. 
Coaxial antennas, wire antennas, and arrays embedded in various lossy materials have 
been previously studied. Several PIFA designs have also been investigated in terms of 
their performances for link reliability in data telemetry. However, not much is done to 
study the impact of biocompatible coating on the characteristics of the implantable 
antennas, the overtime behavior in the biological medium, and the received signal 
strength affected by the tissue absorption. On the other hand, implantable antennas 
(PIFAs) should be characterized for the ICP application as investigated in [21].  
The objective of this thesis is to evaluate the performance of the designed PIFA 
configurations at 2.45 GHz for their use in the epidural ICP device. Microstrip designs 
were chosen because of their flexibility in design, compactness, and shape. Methods to 
reduce the size of the antenna by adding ground pins (thus converting the antenna to a 
shaped PIFA), using high dielectric substrate materials, and spiraling the conductor shape 
are applied. The uniformity of the biocompatible coating (superstrate) material is also 
evaluated as part of the study. The specific objectives of this research are i) to evaluate 
the impact of silicone thickness (lossless superstrate) on the resonant frequency of the 
PIFA, from simulations as well as experiments, since the silicone coating produces a shift 
in the frequency ii) to observe the reflection (S11) and transmission (S21) behaviors of the 
PIFA overtime, in order to assess its reliability in the biological environment  iii) to 
identify the Effective Radiated Power (ERP) through a scalp phantom (lossy superstrate) 
by conducting transmission measurements, which examines the amount of power loss in 
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the scalp phantom and iv) to investigate the amount of power delivered to the ICP device 
antenna to achieve a designated range of operation. 
Chapter 2 discusses the frequency standards licensed by the FCC (e.g. MICS and 
WMTS) and other potentially viable standards (e.g. 2.45 GHz ISM) for medical device 
communications in Section 2.1. In Section 2.2 it provides a background of biomedical 
antennas used for diagnostic, medical sensing and communication purposes. 
Polyacrylamide gel and saline are the two phantoms used in the thesis as discussed in 
subsection 2.2.3.  It further reviews the current state of implantable antennas in the field 
of biotelemetry and types of implantable antennas like microstrip antennas, PIFAs, etc., 
in section 2.3. Characteristics of implantable antennas like return loss, gain, polarization, 
SAR, ERP etc. have been described in Section 2.4.  
Chapter 3 discusses the design considerations involved in design of implantable 
antennas in Section 3.2. It presents the geometries of the versions of PIFAs designed for 
the study in Section 3.3. The simulation results for the performance of the PIFAs in terms 
of their resonant frequency (fr), S11, return loss and 3 dB S11 bandwidth are presented in 
Section 3.4. 
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CHAPTER 3: DESIGN AND SIMULATION OF PIFA 
 
3.1 INTRODUCTION 
 
 PIFAs have a low profile compact structure. This feature of the PIFA makes it 
attractive for applications demanding compact and conformal antennas. The operation of 
a PIFA needs a ground plane which may take the form of the conducting body of the 
device itself. The performance of a PIFA mounted on a conducting box was reported in 
[51]. Another study [52] focused on examining the effects of the different component 
parts of a PIFA on its input and radiation characteristics. The variation of input 
impedance caused by moving a PIFA along one direction on a finite ground plane was 
studied in [53]. The influence of the finite ground size on the performance of PIFAs was 
examined in [54] and [55]. The impact on the input and radiation characteristics of the 
PIFA in [56] have also been reported due to the different placements of the short-circuit 
plate and the feeding point. The mounted location of the antenna also affects the 
characteristics of the PIFA. For this purpose, the PIFA needs to be modeled and its 
performance can be then analyzed using an electromagnetic simulator like Ansoft 
Designer for planar structure simulations and Ansoft HFSS which performs Full 3D 
simulations.  
The overall goal of any antenna design is to achieve specific performance 
characteristics at a specified operating frequency. If a microstrip antenna like PIFA can 
achieve these design goals, then the first decision is to select suitable antenna geometries. 
The PIFA can be designed using the same approach acquired to design a rectangular 
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patch antenna. Some of the design considerations [57] for implantable antennas are 
explained in the following section. 
 
3.2 DESIGN CONSIDERATIONS FOR PIFAs 
Substrate Selection: The first design step is to choose a suitable dielectric substrate of 
appropriate thickness (h), dielectric constant (εr), and loss tangent (tanδ). A thicker 
substrate, besides being mechanically strong, will cause an increase in the radiated 
power, reduce conductor loss, and improve the impedance bandwidth. At the same time, 
it will also increase the weight, dielectric loss, surface wave loss, and radiations from the 
probe feed. Similarly, a low value of εr for the substrate will increase the fringing effects 
at the edges of the microstrip patch and thus the radiated power. An increase in the 
substrate thickness has a similar effect on the antenna characteristics as a decrease in the 
value of εr. A high loss tangent increases the dielectric loss and therefore reduces the 
antenna efficiency.             
 
Element Width and Length: The width of a patch radiator has a minor effect on the 
resonant frequency and radiation pattern of the antenna. It affects the input resistance and 
the bandwidth to a larger extent. A larger patch width increases the power radiated and 
thus resulting in decreased resonance resistance, increased bandwidth, and increased 
efficiency. The patch width affects the cross-polarization characteristics of the antenna. It 
must be selected to obtain good radiation efficiency if space occupied by the antenna is 
not an overriding factor. For patch antennas it has been suggested that 1<W/L<2 [58]. 
The patch length determines the resonant frequency and is a critical parameter in the 
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design, because of the inherent narrow bandwidth of the patch. A typical structure of a 
PIFA with a finite ground plane is shown in Figure 3.1. 
 
 
Figure 3.1: A typical structure of the PIFA with a finite ground plane [58]. 
 
  
 The top plate of the PIFA has a length (Lp) and a width of (Wp) as shown in the 
Figure 3.1. The short circuit plate has a width of w and separates the top plate from the 
finite ground plane by a height of h. The distance (df) is the separation between the short 
ciruit plate and the feed point, distance (ds) is the separation between the short circuit 
plate and the edge of the ground plane and distance (gf) is the separation between feed 
point and the edge of the ground plane.  The distances df, ds and gf have an effect on the 
input radiation characteristics of the PIFA in terms of radiation bandwidth, S11 
bandwidth, and resonant frequency. 
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Effect of Position of the Short Circuit Plate, ds: The effect of the change in the position 
of the short circuit plate, i.e. change in distance (ds) can be studied by maintaining 
distances df and gf and the dimensions of the top plate (Lp x Wp) constant. However, it is 
observed in [58] that as the short circuit plate moves from its initial position as shown in 
the Figure 3.1 to the other end of the top plate, the resonant frequency and the 
corresponding bandwidth will increase significantly.  
 
Effect of Change in Position of Feed Point, df and gf: This effect has been studied in 
[38]. By keeping ds at its initial value and maintaining the initial positions of the short 
circuit plate and top plate, the distance gf is varied, i.e., the feed wire is moved from its 
initial position as shown in the Figure 3.1 to the other end of the top plate. It is observed 
from [58] that there is an increase in the resonant frequency and the bandwidth of the 
antenna as the feed wire is moved from its initial position to the other end of the top plate 
along the y-axis. Furthermore, it is also observed that the “placement” of the feed wire 
has a greater influence on the resonant frequency than the short circuit plate. On the 
contrary, the placement of the short circuit plate has a greater influence on the S11 
bandwidth of the antenna than the feed wire. Also, df affects the input impedance of the 
antenna, i.e., the input resistance and the input reactance of the antenna are a function of 
the separation distance between the short circuit plate and the feed wire. The effective 
impedance of the antenna thus increases as the feed wire is moved away from the short 
circuit plate along the x-axis, i.e., the feed wire is moved towards the open end of the top 
plate. This feature thus provides an efficient way for impedance matching. 
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Effects of a Dielectric Cover: Due to the type of applications of PIFAs, it may be 
required to cover them with paint or a dielectric layer to isolate its metallization from the 
environment as discussed in Chapter 2. The performance of the PIFA is then affected by 
the presence of this dielectric cover. In particular, the resonant frequency is lowered, 
causing tuning problems and severely degrading the performance, which can be a quite 
serious, as the bandwidth of the PIFAs is inherently low.  
When a microstrip antenna (e.g. PIFA) is covered with a dielectric superstrate, its 
properties like effective dielectric constant, losses, Q factor, and directive gain change. 
However, the dominant effect is the change in the effective dielectric constant. The 
amount of change is a function of the dielectric constant, loss tangent, and thickness of 
the superstrate. Zhong and colleagues [59] have determined the effect of superstrate on 
the effective dielectric constant, end-effect extension, and dispersion of a microstrip line.  
A typical microstrip patch antenna geometry is shown in Figure 3.2(a) and the 
configuration of the antenna covered with a dielectric layer is shown in Figure 3.2(b) 
[60]. As explained in [60], the resonant frequency of the microstrip patch antenna 
covered with a dielectric layer can be predicted accurately, if the effective dielectric 
constant of the composite structure shown in Figure 3.2(b) is known. It is also shown that 
the effective dielectric constant of a microstrip patch covered with a thick sheet of high 
dielectric constant is drastically affected by the cover. This effect will be verified later in 
the thesis as explained in Section 3.4. Also, the fractional change of the resonant 
frequency for an optimum width of the patch radiator can be estimated. There is a change 
in the resonant frequency due to the detuning of the microstrip patch when subjected to 
 41 
the dielectric cover and this change can be negative or positive depending upon the value 
of dielectric constant and thickness of the superstrate. 
 
 
 
 
    
 
 
 
 
Figure 3.2: The microstrip patch antenna; a) geometry of the patch antenna having a  
substrate with dielectric constant (εr), and b) structure showing the microstrip patch 
antenna covered with a dielectric layer having dielectric constant (εr2) and substrate with a 
dielectric constant (εr1) [60]. 
 
 
The beamwidth, directivity and gain of the antennas, as well as the radiation 
patterns and radiation efficiency, radiation resistance, polarization, losses, and Q factor 
are the factors involved in the design of any antenna. However, the influence of each of 
these factors on the design of implantable antennas is application specific. A fair tradeoff 
between these factors is required to obtain a suitable design of microstrip patch antennas.  
 
3.3 VERSIONS OF PIFAs  
 The antennas were designed using Method of Moments (MoM) in Ansoft 
Designer for a resonant frequency of 2.45 GHz. The design accounts for few of the 
design considerations explained in Section 3.2. Flame Retardant 4 (FR4) is the dielectric 
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selected for the substrate. FR4 is a material popular for making PCBs due to its several 
mechanical and electrical properties. It is less lossy at high frequencies, absorbs less 
moisture, has greater strength and stiffness, and is highly flame resistant compared to its 
less costly counterpart e.g., G-10. FR4 with its limitations and advantageous as a 
substrate material often serves as a good compromise of cost and performance compared 
to other substrates at low microwave frequencies. The FR4 substrate with the copper 
conductor on the top and bottom layers comprises the antenna boards tested in this thesis. 
Apart from the advantages of FR4, the ICP device consists of a sensing board, a power 
management board, and an antenna board. The sensing and power management boards 
were fabricated on FR4 substrate [18, 20] and hence, it was preferred to select FR4 as the 
substrate for the antenna board too. These boards were fabricated by Advanced Circuits, 
Aurora, CO, U.S.A. The relative dielectric constant and loss tangent values of FR4 at 
2.45 GHz used in this thesis are 4.25 and 0.03 respectively. The dimensions of the board 
are 15 mm x 15 mm x 0.78 mm. The nominal thickness of the FR4 substrate selected for 
the board is 0.031" (0.78 mm) with a tolerance of ±0.0040". The geometry of the 
proposed PIFA is shown in the Figure 3.3. The dimensions are in mm where, A is the 
width of the spiral PIFA, B is the length of the PIFA, D is the separation between the 
short point and the open end of the radiator, and C is the width of the radiator. The 
lengths E and F are used to adjust the separation between the short point location and the 
feed point. In addition, H is the diameter of the feed point pad and G is the separation 
between the feed point and the edge of the PIFA radiator.  
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Figure 3.3: Layout of the proposed PIFA geometry. 
 
 
 
3.4 SIMULATION RESULTS 
3.4.1 RESULTS OF SIMULATION FOR S11 OF PIFAs 
 As explained in section 3.2, the dimensions, A, B, D, and E have an impact on the 
input radiation characteristics of the PIFA. In order to select the best antenna for our 
application, several PIFA geometries were tested by adjusting the values of the 
dimensions indicated in Figures 3.4, 3.5, 3.6, and 3.7. PIFAs with four different sets of 
dimensions were considered and identified as AI, AII, AIII, and AIV. The geometries of 
the PIFAs AI, AII, AIII, and AIV and their associated dimensions in terms of the layout 
shown in Figure 3.3 and the S11 over frequency for typical thickness values have been 
depicted in Figures 3.4, 3.5, 3.6, and 3.7 respectively. 
  B  
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 A(mm) B(mm) C(mm) D(mm) E(mm) F(mm) G(mm) H(mm) 
AI 4.5 4 0.5 1.75 1.9 0.8 0.4 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4: a) Geometry and photograph of AI with its dimensions tabulated, and b) S11 vs. 
Frequency for different silicone thicknesses, d. 
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 A(mm) B(mm) C(mm) D(mm) E(mm) F(mm) G(mm) H(mm) 
AII 4.5 4.0 0.5 1.0 3.5 0 0.6 1 
 
 
 
 
         
   0.8 
  0.5 
 1.0 
 3.5 
4.0 
4.5 
3.5 
0.5 
  0.5 
 
x 
z 
2.5 
Grounding Pin 
 Probe Feed 
4.0 
2.0 
  15 
15 
y x 
   Radiator 
Grounding Pin 
 15 mm 
 15 mm 
(b) 
1 1.5 2 2.5 3 3.5 4
x 10
9
-15
-10
-5
0
Frequency (GHz)
S
1
1 
(
d
B
)
d=0.25mm
d=0.33mm
d=0.43mm
d=0.45mm
d=0.5mm
 
(a) 
 46 
Figure 3.5: Geometry of PIFA, AII with its dimensions tabulated, and b) S11 vs. Frequency 
for different silicone thicknesses, d. 
 
 
 
 
 
 A(mm) B(mm) C(mm) D(mm) E(mm) F(mm) G(mm) H(mm) 
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Figure 3.6: Geometry of PIFA, AIII with its dimensions tabulated, and b) S11 vs. Frequency 
for different silicone thicknesses, d. 
 
 
 A(mm) B(mm) C(mm) D(mm) E(mm) F(mm) G(mm) H(mm) 
AIV 4.5 4.5 0.5 1.75 4.0 0 0.6 1 
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Figure 3.7: Geometry of PIFA, AIV with its dimensions tabulated, and b) S11 vs. Frequency 
for different silicone thicknesses, d. 
 
 
 The microstrip PIFAs are fabricated on an FR4 substrate (εr = 4.25, tanδ = 0.03) 
material [61] as mentioned earlier. In order to isolate the antenna from scalp, silicone is 
used as a biocompatible superstrate. Commercially available silicone (εr = 3.7, tanδ = 
0.02), with electrical properties obtained from [62], is used with varying thicknesses. The 
dielectric properties of silicone, scalp phantom [18], and FR4 used in the simulations of 
the AI, AII, AIII, and AIV are listed in Table 3.1. The thickness of the phantom 
considered for the simulations is 8 mm and the substrate height is h = 31 mils (0.787 
mm).  The silicone thickness, d varies from 0 to 20 mils (0.508 mm). The 3D model of 
the simulation setup comprising of the PIFAs and the various layers of FR4, silicone, and 
tissue (scalp) is shown in Figure 3.8. With the same settings for the parameters of 
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silicone, tissue, and FR4, as listed in Table 3.1, simulations for varying thicknesses of 
silicone were performed on AI, AII, AIII, and AIV.  
 
 
 
Table 3.1: Dielectric Parameters used in the simulations. 
 
 
 
 
 Silicone [62] FR4 [61] Tissue (scalp) [20] 
εr 3.7 4.25 50 
Loss Parameter tanδ=0.02 tanδ=0.03 σ=2.2 S/m 
Scalp Phantom 
Thickness = 8 mm 
Silicone,  
d=0.19 mm       FR4, h=31 mils (0.031") 
Silicone,  
d=0.457 mm 
(a) (b) 
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Figure 3.8: 3D models as viewed in Ansoft Designer, depicting the different layers and their 
typical thicknesses used for the simulation of a) AI, b) AII, c) AIII, and d) AIV. 
 
3.4.2 SIMULATION RESULTS FOR IMPACT OF SILICONE THICKNESS 
 The simulations were performed with the dielectric parameters of the layers of 
silicone, tissue and FR4 as listed in Table 3.1. The thickness of the scalp phantom was 
maintained at 8 mm. The thickness of silicone coating was varied from d = 0.063-0.508 
mm (1-20 mils). The S11 and resonant frequency for each value of thickness were 
recorded for the four PIFAs. The simulations performed for the PIFAs indicate that S11 
and resonant frequency (fr) are very sensitive to the thickness of the silicone (d) as seen in 
Figures 3.9, 3.10, 3.11, and 3.12. The simulation result for variation in resonant 
frequency (fr) with varying thickness of silicone (d) for antennas AI, AII, AIII, and AIV 
are shown in Figure 3.9.  
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Figure 3.9: Variation in resonant frequency (fr) with different thickness of silicone coating 
(d) for AI, AII, AIII, and AIV. 
 
 
 The trend in fr change with d is very similar for all the PIFAs as observed in 
Figure 3.9. As observed in Figure 3.9, fr continues to rise steadily for the PIFAs when the 
silicone thicknesses changes from 0.06 mm to 0.508 mm However, fr is insensitive to the 
scalp thickness. Figure 3.10 further illustrates the rate of change in resonant frequency 
with change in d. 
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Figure 3.10: Rate of change in frequency with change in thickness of silicone coating 
(Δfr/Δd).  
 
  The rate of change in the frequency with the thickness of silicone coating 
(i.e., Δfr/Δd) is almost independent of the type of PIFA for d. Sensitivity of resonant 
frequency to silicone coating thickness (d) is around 1 GHz per 0.1 mm for d = 0.39 mm 
for all PIFAs. The sensitivity of resonant frequency to d for the small values of d (<0.1 
mm)  can be quite high as seen in Figure 3.10. 
            The S11 was recorded for each value of d at resonance for all the PIFAs. The     
S11 at 2.45 GHz with varying d for antennas AI, AII, AIII, and AIV is depicted in           
Figure 3.11.  
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Figure 3.11: S11 at 2.45 GHz versus d for antennas AI, AII, AIII, and AIV. 
 
  
 In Figure 3.11, for AI, S11 increases initially from -3 dB at d = 0 mm to -1.5 dB at   
d = 0.02 mm and then decreases to -18 dB at d = 0.39 mm, after which it continues to 
increase to -10 dB at d = 0.508 mm. Similarly, for AII, S11 increases initially from -4 dB 
at d = 0 mm to -2 dB at d = 0.02 mm and then decreases to -10 dB at d = 0.4 mm, beyond 
which it continues to increase to -9 dB at d = 0.508 mm. For AIII, again S11 increases 
initially from -4.5 dB at d = 0 mm to -3 dB at d = 0.02 mm and then decreases to -11 dB 
at d = 0.39 mm, after which it continues to increase to -6 dB at d = 0.508 mm. Finally, for 
AIV, S11 increases initially from -5 dB at d=0 mm to -3 dB at d = 0.01 mm and then 
decreases to -8 dB at d = 0.39 mm, after which it continues to increase to -7 dB at            
d = 0.508 mm. Thus, S11 follows a similar trend for all the antennas. In addition, there is a 
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difference in the change in S11 at fr with d and the change in S11 at 2.45 GHz with d. The 
S11 variation with frequency for each antenna at the same value of d is illustrated in 
Figure 3.12. 
 
Figure 3.12: S11 vs. frequency for d=0.39 mm for PIFAs AI, AII, AIII, and AIV. 
  
  
 The sensitivity of the different antennas to the thickness of the silicone superstrate 
and their geometry is evaluated from the simulations. S11 either increases or decreases for 
different antennas at the same value of d as observed in Figure 3.11. Thus, S11 at 
resonance and the resonant frequency of the antennas are greatly affected by d. The shift 
in frequency is mainly dependant on the dielectric constant of the substrate of the antenna 
and the superstrate used for loading the antennas. The S11 on the other hand is primarily 
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results for S11 with frequency for different values of d indicate the shift in resonant 
frequency to the right for all PIFAs i.e., the resonant frequency increases with increasing 
values of d. For the PIFAs, S11 at resonance increases with the increase in the value of d. 
The bandwidth of the antenna increases with the value of d as well. The thickness of the 
scalp affects the level of S11 for smaller values of d, but has almost no effect on fr.  
 
Table 3.2: Summary of the effect of increase in d on different parameters of the implanted 
antennas obtained from simulation. 
 
 S11 (dB) Return 
Loss (dB) 
 fr 3dB S11 
Bandwidth 
Δfr/Δd 
Increase d Increase Decrease Increase, 
shift to the 
right 
Increase Decrease 
 
 Table 3.2 summarizes the simulation results in terms of the pronounced effect of 
change in d on the various parameters of the PIFAs namely return loss, S11, resonant 
frequency (fr), and 3 dB S11 bandwidth. The simulation results observed in this chapter 
will be further verified with the measurement results presented in Chapter 4. The 
dependence of resonant frequency (fr) for all PIFAs (Figure 3.9) on the thickness of 
silicone is very similar. Chapter 4 introduces a measurement set-up for characterizing the 
reflection and transmission of PIFAs. It provides the S11 and S21 of the PIFAs and their 
overtime change in a biological medium stimulant. It describes the two approaches 
adopted in this thesis for transmission measurements by transmission measurements and 
evaluation of ERP through scalp phantom by transmission (S21) measurements.  
CHAPTER 4: EXPERIMENTAL SET-UP AND MEASUREMENT RESULTS 
 
 
4.1 EXPERIMENTAL SET-UP FOR VNA MEASURMENT 
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4.1.1 INTRODUCTION 
 
 The performance of the designed PIFAs can be evaluated based on their 
comparison with the measured results. The S11 measurements for the various PIFAs have 
been simulated in Section 3.2. The performance of the communication link between a 
medical implant and the external receiver should be studied by understanding the impact 
of tissue on the communication link. The transmission measurement thus requires a set-
up which can be used to emulate the communication link when the PIFA is embedded in 
a biological tissue environment. 
 In this thesis, two approaches for evaluating the PIFA performance have been 
introduced and described in detail. The first one is a direct measurement approach using a 
VNA set-up as shown in Figure 4.1, and the second is an indirect measurement approach 
using a spectrum analyzer set-up involving a fixture (shown later in Figure 4.4). In the 
VNA measurement approach, the transmission and reflection measurements are 
conducted after performing a full two port calibration. For the second approach, the PIFA 
is directly fed by a Voltage Controlled Oscillator (VCO), (MAX2753, Maxim Integrated 
Products, Inc., Sunnyvale, CA), with tuning capability acting as the source and the 
spectrum analyzer is then used to measure the amount of received power.  
 
4.1.2 VNA MEASUREMENT SET-UP DESCRIPTION  
 The experimental set-up for the PIFA’s reflection and transmission measurements 
is illustrated in Figure 4.1. This set-up consists of a plexiglass chamber with dimensions        
1' x 1' x 2' resting on a metallic stand 3' high. The inner walls of the chamber are covered 
with absorbers (ECCOSORB-SF, Emerson & Cuming Microwave Products, Inc., 
Randolph, MA) over all surfaces except the top. The absorbers are narrowband and 
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designed to perform optimally in the frequency range of 1-3 GHz. The measurement 
system consists of a transmitter end (top) and a receiver end (bottom). All coaxial cables 
are 50 Ω. In order to characterize the PIFA, resting against a scalp phantom (using the 
VNA), it is mounted at one end of a semi-rigid coaxial cable, Cable-TX (Pasternack 
Enterprises, Irvine, CA) which has an outer diameter of 2.16 mm, 13.5 cm in length. 
Cable-TX is then connected to Port 1 of the VNA via a 5' long flexible coaxial cable, 
Cable1.  
 At the receiver end, a receiving antenna operating at 2.4 GHz is used. The 
receiving antenna is a 2.4 GHz chip antenna (AF2.4, Antenna Factor, Merlin, OR) 
located at a distance of D from the PIFA loaded with the phantom. It is a linearly 
polarized narrowband antenna designed to operate at 2.4 GHz. The chip antenna is 
mounted on an FR4 substrate connected to a semi-rigid coaxial cable,      Cable-Rx 
(Pasternak Enterprises, Irvine, CA), which is 3' long, and has an outer diameter of 6.35 
mm. Cable-RX is connected to Port 2 of the VNA via a 5' long flexible coaxial cable, 
Cable2. Before conducting measurements, a standard two-port calibration of the VNA is 
performed, where measurement reference planes are set at the end of Cable1 and Cable-
RX. VNA (Agilent 8722) is used for performing the measurements as part of this thesis.  
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Figure 4.1: Schematic diagram of the experimental setup utilized for PIFAs’ reflection and 
transmission measurements. 
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 Figure 4.2: Photograph of the experimental set-up used for performing 
measurements. 
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The PIFA is designed to radiate most effciently at a frequency of 2.45 GHz. To 
isolate the scalp phantom from the PIFA, it is coated with a layer of silicone, with a 
thickness obtained from the simulations explained in Section 3.2 which is verified 
experimentally in Section 4.3. The resonant frequency of the PIFA is recorded for a 
particular thickness of silicone (d) from this set-up and then compared with the value 
obtained from the simulation for the same thickness. The PIFA is suspended vertically 
inside a 6" x 6" x 6" acrylic cube (Figure 4.5). A small square opening (3 cm x 3 cm) at 
the bottom of the cube allows the PIFA to make contact with the phantom inserted 
between the bottom surface of the cube and top of the chamber. Another square opening 
(3 cm x 3 cm) at the top of the chamber allows PIFA irradiation into it.  
     The cube is filled with 0.9% saline (normality, N = 0.154). The level of saline is        
18-20 mm. To prevent the gel from floating inside the saline, because of the lower mass 
density of the gel compared with saline, the gel is placed outside the cube. Nonetheless, 
the opening at the bottom of the cube allows saline to make direct contact with the gel. 
However, to prevent leakage, the gel is wrapped around against the bottom of the cube, 
housing the suspended PIFA in the saline solution, with the aid of a high gauge cling 
wrap. The PIFA is immersed in the saline solution until its surface makes direct contact 
with the gel. A guiding clamp is used to hold Cable-RX and to assist its the vertical 
movement. A thin flexible scaled tape is pasted along the surface of Cable-RX to record 
the separation between the antennas during each measurement. Another scaled tape is 
pasted along the surface of the rod (stand) holding the clamps, in order to track the 
movement of the guiding clamp. Cable-RX is held between a groove and a spring 
provided at one end of the guiding clamp. It can also be displaced via a hole in the center 
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of the protractor, provided to tune the system for radiation at the position of maximum 
polarization. 
           The studies were performed at room temperature 20-22°C, recorded inside the 
saline medium by a thermocouple temperature probe. Any variation in temperature 
during the course of measurements was also recorded. A temperature variation in a range 
of 0.2°C was observed which is practically insignificant. 
 
4.1.3 RECEIPE FOR THE SCALP PHANTOM 
 The scalp phantom as explained earlier is used to emulate the human scalp and the 
associated dielectric properties of the scalp. The phantom was prepared by taking into 
account the complex permittivity of muscle and typical thicknesses of human scalp at the 
desired frequency of 2.45 GHz for the study. The scalp fat layer was ignored since it is 
almost devoid of fat in the frontal bone region where the ICP device would be implanted 
[21]. An 8-mm-thick Polyacrylamide gel (8 cm x 5cm x 0.8 cm) is used as the scalp 
phantom [18, 20].  The polymerized gel was obtained from a (50 cc total) mixture of       
9 grams of acrylamide (C3H5NO), 0.05 grams of MBA (N,N′-methylene-bis-acrylamide, 
C7H10N2O2),  0.25 cc of TMEDA (N,N,N′,N′–tetraethyl-ethylene-diamine, C6H16N2),      
3 cc of 1.3% (by weight) solution of ammonium persulphate  ((NH4)2S2O8)  in water, and  
0.238 grams of NaCl in water. The electrical conductivity of Polyacrylamide gel is 
primarily dictated by the NaCl content. The control over the dielectric constant is 
achieved by varying the content of acrylamide (maintaining stoichiometric proportions of 
MBA and TMEDA). The typical value of dielectric constant can be lowered by 
substituting lower permittivity liquids like ethylene glycol. However, stability of the 
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composition is highly dependant on loss of water content via evaporation and has thermal 
properties examined in [63]. The phantom complex permittivity was measured using a 
coaxial probe method [64] and reported in [18] and the phantom dielectric parameters are 
εr = 50, and σ = 2.2 S/m at 2.45 GHz. as shown in Figure 4.3.  
 
 
 
 
Figure 4.3: Measured electrical property of Polyacrylamide gel phantom; a) real part of 
permittivity (εr), and b) conductivity (σ) [18]. 
 
(a) 
(b) 
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4.1.4 CALIBRATION OF THE MEASUREMENT SET-UP 
 The set-up shown in Figure 4.1 was calibrated by performing an extensive, full 
two-port calibration procedure. The higher the number of points the better is the 
resolution of the measured results. The full two port calibration consisting of short, open, 
and load standards was performed, along with enhanced response feature of the VNA. 
Besides the calibration issues in relation to the VNA, other factors like the use of quality 
cables are important to obtain accurate measurements. The cables were characterized in 
terms of their losses, and these losses were corrected for, if necessary.  
 
4.2 SPECTRUM ANALYZER MEASUREMENT SET-UP 
 The second approach for transmission measurement utilizes an experimental set-
up using a spectrum analyzer. As an alternative to the VNA measurement approach, the 
set-up of Figure 4.1 was also used to measure the power received for a PIFA coupled 
VCO acting as the source. The main difference between the two set-ups is the excitation 
mechanism of the PIFA. In this approach, the PIFA instead of being connected to port 1 
of the VNA it is directly connected to a VCO (Figure 4.4). The structure is then flipped 
and immersed in the saline solution in the cube, making contact with the phantom, 
replacing the PIFA connected to Cable-TX (Figure 4.1).  
 The fixture (Figure 4.4) consists of the PIFA connected to the VCO board covered 
with a layer of silicone. Once silicone is completely cured, it does not absorb water 
ideally. Alternatively, the semi rigid coaxial cable at the receiver end i.e. Cable-RX was 
then connected to the spectrum analyzer. Agilent 89600 spectrum analyzer is used for the 
power measurements. The spectrum analyzer measurement approach can be used for 
transmission measurements only. The power measurements obtained from the spectrum 
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analyzer can be then compared to the results obtained from the VNA measurement.  
Figure 4.4 (b) shows a photograph of the fixture. 
 
 
Figure 4.4: a) Fixture depicting the close-up of the PIFA connected to the VCO, and            
b) photograph of the fixture. 
  
  
The power transfer efficiency is good, if the output impedance of the VCO is well 
matched to the input impedance of the PIFA. For the VNA measurement approach, 
measurements are performed in the 50 Ω system i.e., output impedance of the VNA. On 
the other hand, the spectrum analyzer approach provides the amount of power received 
for known amount of power delivered to the PIFA i.e. with the VCO as a source. This 
implementation is similar to the case, where an ICP device is a source of power to the 
PIFA [21]. A typical receiver like a spectrum analyzer can then be used to receive the 
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radiated signal. The power received will be a function of the amount of power delivered 
to the transmitting antenna, impedance mismatch at the transmitter and receiver ends, 
polarization mismatch, the distance of separation between the antennas, and the gains of 
the two antennas. Characterizing the communication link in terms of the factors 
mentioned above and the associated results will be explained in the following sections. 
 
 
4.3 MEASUREMENT RESULTS 
 
 
4.3.1 S11 MEASUREMENTS 
 
 The S11 of the various versions of PIFA were simulated and the results were 
presented in Chapter 3. The PIFAs are characterized experimentally using the 
experimental setup as shown in Figure 4.1. The setup for the reflection measurement of 
the PIFAs is shown in Figure 4.5 in detail.  
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Figure 4.5: a) A detail sketch of the S11 measurement set-up consisting of the PIFA coated 
with silicone and making contact with the scalp phantom immersed in saline, and                 
b) a photograph of the set-up. 
As seen in Figure 4.1, measurements were taken with the transmission antenna 
(PIFA) connected to the Port 1 of the VNA. For all the measurements on different PIFAs, 
the level of saline was maintained the same. In addition, the results of reflection 
measurement from the VNA experiment discussed in this section can be compared to the 
simulation results of Chapter 3, since both were performed with respect to 50 Ω as the 
reference impedance. In addition, an averaging factor of 8 and smoothing of 15 MHz, 
along with an IF bandwidth of 100 Hz on each channel of the VNA, were employed for 
measurements.  
 
4.3.2 IMPACT OF SILICONE COATING THICKNESS (d) 
 
 The PIFAs discussed in Section 3.3 were tested with various coating thicknesses 
(d). The thickness d obtained from the simulation results at 2.45 GHz for the PIFAs were 
utilized as the initial thickness for measurement. The measurement results for the same d 
were then compared with the simulated results. As will be seen later, AI demonstrated a 
more satisfactory result, compared with AII, AIII, and AIV in terms of the transmission 
behavior in particular. Therefore, most tested PIFAs were of AI type, and they are listed 
in Table 4.1. Four antenna samples of AI geometry were tested in the VNA experiment 
(identified as AI1-AI4). The last antenna in the Table 4.1, AI5 was primarily used in the 
spectrum analyzer experiment, although its fr was also measured by the VNA as listed in 
Table 4.1. A comparison of tested AI PIFAs in terms of their thickness of silicone coating 
(d), silicone curing time (tc), resonance frequency (fr), S11 at fr, and S11 3 dB bandwidth is 
provided in Table 4.1.  
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Table 4.1: Comparison of tested PIFAs  AI and AIII in terms of their thickness of silicone 
coating (d), silicone curing time (tc), resonant frequency (fr), S11 at resonance, and 3-dB S11 
bandwidth. 
 
PIFA D(mils) tc (hours) fr (GHz) S11 at fr (dB) 3-dB S11BW 
AI1 14 ±0.5 25-26 2.387 -13.4 16 
AI2 18 ±0.5 33-34 2.537 -9.1 27 
AI3 17±0.5 28-29 2.496 -11.7 20 
AI4 11±0.5 30-31 2.254 -18.1 9 
AIII1 20 ±0.5 26-27 2.628 -5.3 10 
AIII2 9 ±0.5 25-26 2.058 -14.6 13 
AI5 17 ±0.5 25-26 2.489 -12.9 18 
 
 Table 4.1 indicates that with an increase in the thickness of silicone coating, the 
resonant frequency increases, S11 increases, and the return loss at resonance decreases 
with an associated increase in the 3 dB S11 bandwidth. This helps to estimate the 
thickness of silicone coating required to obtain a particular resonant frequency and the 
associated return loss (S11) at the resonant frequency. Table 4.1 also suggests that with 
the increase in thickness, the S11 bandwidth increases, while the S11 at resonance worsens 
(increases).  
 From the simulation, for AI (Figure 3.4), a coating thickness of d = 15.5 mils 
(0.39 mm) provides a resonant frequency (fr) of around 2.45 GHz. This agrees well with 
the measurements, as it falls half way between the fr measured for AI1 and AI3, with 14 
and 17 mils of thickness respectively as seen in Table 4.1 and Figure 4.6. The values of 
measured S11 for AI1-AI4 from 1 to 4 GHz are illustrated in Figure 4.6. For comparison 
between the measurements and simulations, simulated results of AI2SIM (AI2 simulated) 
and AI3SIM (AI3 simulated) are provided as well. However, it is noticed that the loss 
tangent for well-cured silicone is an order of magnitude smaller than its value used in 
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Chapter 3. To provide best agreement between simulation and measurement results in 
Figure 4.6, loss tangent of silicone and FR4 are modified to 0.003 and 0.01 respectively 
in simulation. The impact of this modification on resonance frequency is negligible.  
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6: S11 (dB) versus frequency measured for 4 versions of AI measured i.e., AI1-AI4 
and 2 versions of AI simulated, as listed in Table 4.1 simulated for AI2SIM and AI3SIM. 
  
Impact of silicone coating on chip antenna: The effect of silicone coating over the chip 
antenna used as part of the ICP device reported in [18] was also studied for comparison. 
The chip antenna was coated with a uniform layer of silicone and cured similar to the 
PIFAs for 24 hours. S11 was recorded for three cases: i) chip antenna without any silicone 
coating in air, ii) chip antenna covered with silicone but tested in air (i.e. free space), and 
iii) chip antenna coated with silicone and incorporated in the set-up shown in Figure 4.5 
i.e., as part of the biological environment. Figure 4.7 illustrates S11 of the chip antenna 
measured for the three cases. As seen in Figure 4.7, the S11 for case (i) is -9.3 dB at     
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2.49 GHz, S11 for case (ii) is -7.4 dB at 2.31 GHz, and for the case (iii) it has dual 
resonance. Table 4.2 summarizes the measured values of S11 for the three cases at 
resonance. The impact of silicone coating on the resonance behavior of the chip antenna 
is evident from Figure 4.7. The chip antenna has a poor resonance performance when it is 
incorporated in the biological environment (case iii) as compared to the PIFA resonance 
performance depicted in 
Figure 4.7. 
 
 
 
 
 
 
 
  
 
 
 
Figure 4.7: Comparison between the S11 of the chip antenna for three cases: chip antenna in 
air, with silicone in air, and with silicone in biological environment. 
 
 
Table 4.2: S11 of chip antenna for different cases discussed in Section 4.3.2. 
 
 S11 at resonance(dB) fr (GHz) 
Case 1: Chip antenna in air 
(no silicone) 
-9.35 2.49 
Case 2: Chip antenna with 
silicone in air 
-7.36 2.31 
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Case 3: Chip antenna with 
silicone and in the presence of 
saline and gel 
-5.3 at 1.43 GHz 
-13.4 at 3.73 GHz 
fr1 :1.43 GHz 
fr2 :3.73 GHz 
 
4.3.3 OVERTIME VARIATIONS 
 Reported simulation results [38] have shown that the silicone water content can 
impact the functioning of the implantable antennas in terms of their S11 response. In order 
to get a better understanding with respect to the effect of overtime exposure of silicone 
coated PIFA, in the presence of saline, the S11 of the PIFA over an extended period of 
time was monitored. Consequently, S11, the shift in fr, and their impact on the S21 over the 
same period of time are reported here. 
 The shift in the resonant frequency of the PIFA and the corresponding S11 at 
resonance over a period of two days was examined.  Figure 2.8 provides the variation in 
S11 at 2.45 GHz for AI2, AI3, and AIII1 of Table 4.1. In Figure 2.8, S11 changes from      
-6.9 dB to -8.1 dB for AI2, from -9.2 dB to -11.5 dB for AI3, and S11 varies from -2.8 dB 
to -4.6 dB for AIII1. A decrease in S11 of 1.2 dB, 2.3 dB and 1.8 dB for AI2, AI3 and 
AIII1 respectively over a period of two days was observed.  
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Figure 4.8: Change in S11 at 2.45 GHz for PIFAs AI2, AI3, and AIII1 overtime (two days).  
 
 The shift in the resonant frequency overtime and the associated S11 at resonance 
for AI3 is shown in Figure 4.9. It illustrates the variation in fr and S11 at fr for AI3 during 
the course of the measurements. In two and half days, fr shifts from 2.496 GHz to 2.481 
GHz (15 MHz decrease), whereas S11 at fr varies from -11.7 to -12.8 dB (1.1 dB 
decrease) within the same period of time. The temperature variation of 20.2 ºC to 20.4 ºC 
was recorded during that period of time.  A temperature change of 0.2 ºC is considered 
insignificant and the variation of fr is mainly due to the absorption of saline into the 
silicone coating. 
 
Figure 4.9: Variation in fr and S11 at fr over a period of two and half days, for AI3. 
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4.4 S21 MEASUREMENT USING VNA  
4.4.1 IMPACT OF SILICONE THICKNESS AND OVERTIME VARIATIONS  
 The transmission parameter (S21) of the PIFA in the measurement system is 
characterized. Measurements were performed with the transmission antenna (PIFA) 
connected to the Port 1 of VNA, and the receiving antenna (chip) connected to the Port 2 
of the VNA. Note that the chip antenna employed in the receiver end is the one 
mentioned as Chip antenna 2 in Section 4.5. For all the measurements, the level of saline 
(Figure 4.5) was maintained the same. A comparison between the tested PIFAs in Table 
4.3 for the S21 at fr with the transmitter/receiver antenna separation of D=10 cm at 
different thicknesses of silicone coating (d). The S21 was measured for all versions of 
PIFAs discussed in Section 3.3. The PIFAs with higher S21 and lower S11 were preferred. 
Hence, AI and AIII are the two final versions selected for further analysis upon analyzing 
their reflection and transmission parameters. Table 4.3 discusses the S21 for AI1-AI4, 
AIII1-AIII2 and AI5 for a particular thickness. 
 
Table 4.3: Comparison of tested PIFAs AI and AIII in terms of their thickness of silicone 
coating (d), and S21 at resonance. 
 
PIFA D (mils) S21 at fr (dB) 
AI1 14 ±0.5 -55.5 
AI2 18 ±0.5 -58.3 
AI3 17±0.5 -53.5 
AI4 11±0.5 -53.2 
AIII1 20 ±0.5 -59.1 
AIII2 9 ±0.5 -62.9 
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AI5 17 ±0.5 -52.6 
 
 In Table 4.3, AI3 and AI4 have better value of S21, as compared to AI1 and AI2, 
and S21 is sensitive to the thickness of coating (d) indirectly, as d changes the S11. Similar 
to S11, S21 characteristics of the PIFA can be analyzed in terms its exposure to the 
phantom overtime.  Figure 4.10 illustrates the variation in S21 at 2.45 GHz over an 
extended period of two days for AI2, AI3, and AIII1. The PIFA and the chip antenna are 
maintained at a separation of D=11” (27.94 cm) for these measurements. S21 increases 
from -58.5 dB to -56.3 dB, from -55.6 dB to -53.2 dB, and from -59.5 dB to -57.3 dB for 
AI2, AI3, and AIII1 respectively. Thus, there is approximately a 2.2-2.4 dB increase in 
S21 over the period of two days.  
 The change in the thickness of silicone coating, d affects S11 directly which in 
turn causes the variation in S21 at that frequency recorded in Table 4.3. Also S21 for the 
PIFAs has a tendency to drift i.e. it increases when exposed to the silicone coating for a 
period of two days as observed in Figure 4.10.  
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Figure 4.10: Change in S21 at 2.45 GHz for PIFAs AI2, AI3, and AIII1 overtime (two days). 
  
 The overtime variations in S11 and S21 of PIFAs, AI2, AI3 and AIII1 can be 
summarized in Table 4.4. The change in S11 is 1.2-2.3 dB at 2.45 GHz for AI2, AI3, and 
AIII1 overtime. There is also an 8-20 MHz shift in the resonant frequency, and            
0.8-1.2 dB shift in S11 at resonance over a period of two days for AI2, AI3, and AIII1 as 
listed in Table 4.4 below. 
 
Table 4.4: Summary of the change in S11 at 2.45 GHz, change in S21 at 2.45 GHz, change in 
S11 at resonance and the shift in resonant frequency over a period of two days. 
 
PIFA ΔS11 at 2.45 GHz 
(dB) 
ΔS21 at  2.45 GHz 
(dB) 
Δfr 
(MHz) 
ΔS11 at fr (dB) 
AI2 -1.2 2.2 -8 -0.8 
AI3 -2.3 2.4 -15 -1.1 
AII1 -1.7 2.2 -18 -1.2 
 
 
 
4.4.2 S21 FREQUENCY VARIATION 
 
 The behavior of S21 with frequency of different versions of PIFAs designed to 
resonate at 2.45 GHz can be compared in terms of the separation distance between the 
PIFA and the chip antenna (D) as shown in Figure 4.11. In Figure 4.11(a), for D=11” 
(279.4 mm), S21 values for AI3, AI4 and AIII1 are -60.6 dB, -63.2 dB, and -66.8 dB 
respectively. Similarly in Figure 4.11(b), for D=15”, S21 values for AI3, AI4, and AIII1 
are -61.5 dB, -65 dB and -67.1 dB respectively. Figure 4.12 depicts the S21 using a chip 
antenna (Chip antenna 1, see Section 4.5) in place of the PIFA at transmitting end. The 
S21 values for PIFAs, AI2, AI3 and AIII1 at 2.45 GHz are summarized in Table 4.5 for 
D=11" and D=15".  
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Figure 4.11: Link gain, S21 (dB), over frequency for PIFAs AI3, AI4, and AIII1 at 
separations of a) D=11" (279.4 mm), and b) D=15" (381 mm). 
 
Figure 4.12: Link gain, S21 (dB), over frequency for a Chip antenna 1 at separations of 
D=11" (279.4 mm), and D=15" (381 mm). 
 
 
 
Table 4.5: Link gain, S21 (dB), at 2.45 GHz for separation distances of D=11” and D=15”. 
 
 
4.4.3 S21 VARIATION WITH SEPERATION (D) AND ROTATION ANGLE (φ) 
 
 The link gain, S21, can also be analyzed as a function of the distance of separation 
(D) between the transmitting PIFAs and the receiving chip antenna in the chamber.      
Figure 4.13 compares the experimentally observed S21 as a function of D for AI3, AI4, 
and AIII1 at the transmitting end and the chip antenna at the receiving end at 2.45 GHz. 
PIFA/Chip antenna S21 (dB) at 2.45 GHz, 
D=11” 
S21 (dB) at 2.45 GHz, 
D=15” 
AI3 -60.6 -61.5  
AI4 -63.2 -65.0 
AIII1 -66.8 -67.1 
Chip antenna 1 -68.9 -78.6 
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Figure 4.14 illustrates the polarization mismatch demonstrated as S21 vs. rotation angle 
(φ) for AI3 and D=11" at 2.45 GHz.  
 
 
 
 
 
 
 
 
 
Figure 4.13: Link gain, S21 (dB), as a function of separation distance (D) at 2.45 GHz for 
PIFAs AI3, AI4, and AIII1. 
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Figure 4.14: Measured polarization mismatch demonstrated as the normalized S21 as a 
function of the rotation angle for AI3 with D=11” at 2.45 GHz. 
 
4.4.4 COMPARISON OF S21 BETWEEN TRANSMITTING PIFA and CHIP ANTENNAS  
 
 S21 is measured for four cases: AI3 as the transmitter and Chip antenna 2 as the 
receiver a) with and b) without the gel and Chip antenna 1 as the transmitter and Chip 
antenna 2 as the receiver c) with and d) without the gel. Figure 4.15 illustrates the S21 for 
the cases mentioned above. As observed from the Figure 4.15, S21 for AI3 with gel and 
chip antenna with gel is 9-10 dB higher than S21 for AI3 and S21 for chip antenna in air. 
 
Figure 4.15: Comparison of the S21 between the AI3 and the Chip antenna 1 both used as 
transmitters and Chip antenna 2 used as the receiving antenna. 
 
 In Figure 4.16, S21 for the four cases is expressed as a function of D, and it can be 
seen that S21 for AI3 in phantom (gel) is 9-10 dB higher than the S21 for chip antenna in 
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gel. Thus, the PIFA has a better transmission performance than the chip antenna as 
mentioned earlier. 
 
Figure 4.16: S21 as a function of separation distance (D) between AI3 or Chip antenna 1 as 
the transmitting antenna and Chip antenna 2 as the receiving antenna at 2.45 GHz. 
 
Note that Chip antenna 2 is used as the receiving antenna for all transmission 
measurements for the PIFAs. 
 
4.5 ERP ESTIMATION FROM S21  
4.5.1 ERP EVALUATION REQUIREMENT  
 IEEE has defined various standards for communication between medical devices 
and a receiver present outside the human body. These standards address interconnection 
and compatibility issues between the medical devices and computerized healthcare 
information systems [22]. On the other hand, within the frequency bands specified by 
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FCC, the EIRP in the ISM band of 2.45 GHz is set to 100 mW and the maximum peak 
power is specified as 1 W [23, 24]. The EIRP is defined as the ratio of the power density 
(proportional to the square of the field intensity) in any direction to the power density of 
an isotropic source at the same distance, when the isotropic source is being fed by a 
power of 1W. The definition of Effective Radiated Power (ERP) [65] is EIRP (the 
product of the power supplied to the antenna multiplied by the gain of the antenna) 
divided by the gain of a half-wave dipole, i.e., the isotropic source is now replaced by a 
half wave dipole as the reference antenna. 
 The EIRP/ERP in terms of radiation from the implanted device with the PIFA as 
the radiator was measured for the PIFAs. ERP was evaluated for two cases. First, S21 
measured by the VNA set-up (Figure 4.1) was used for evaluating ERP of the PIFA 
antennas. This would be corresponding to an ERP for a “standard 50 Ω source”. On the 
other hand, we were interested in evaluating the ERP of our ICP device [21], for which 
the antenna is fed directly by a VCO, whose output impedance might be other than    50 
Ω and vary with frequency and power level. Therefore, in the second set of experiments, 
ERP was measured for a PIFA antenna implementation emulating its utilization in the 
ICP device (Figure 4.4). 
 
4.5.2 THREE ANTENNA GAIN MEASUREMENT METHOD 
  The ERP of a system is a function of the gains of the transmitter antenna. 
Moreover, the gain of the receiver antenna should be obtained to evaluate the ERP from 
S21. Hence, it is important to measure the gain of the chip antenna accurately. The gain 
characteristics of the antennas can be studied by performing the three antenna gain 
 81 
measurement method. In this method [66, 67], three identical antennas are employed in 
three different combinations and the forward transmission parameter (S21) for each  
combination is measured using a procedure shown in Figure 4.17. In our system, a chip 
antenna is used for probing the field radiated. We thus need to measure the gain of the 
chip antenna in order to estimate the ERP of the system which is a function of the 
antenna gain at the receiver.   
 
 
 
 
 
 
 
 
 
 
 
  
Figure 4.17: Measurement of G1, G2, and G3 gains of chip antennas using Three Antenna 
Method 
  
 According to the Friss Radio Link Formula, the power received by the receiving 
antenna is given as,  
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where, Pr = power received by the antenna, Pt = Power delivered to the transmitting 
antenna, Gt = gain of the transmitting antenna, Gr = gain of the receiving antenna,            
D = separation between the transmitting and receiving antenna, Γt = input reflection 
coefficient representing the mismatch existing between the transmitter and the 
transmitting antenna, Γr = output reflection coefficient representing mismatch existing 
between the receiver and the receiving antenna, λ = c/f, where c= 3 x 108 m/s (speed of 
light), f = frequency in GHz, and ep = polarization mismatch factor. Thus, the scattering 
parameters can be used to rewrite the Friss formula, where |S21|2 = Pr/Pt, |S11| = |Γt|, and 
|S22| = |Γr|. Therefore, the Eq. (4.1) can be modified as, 
=
2
21S 2
2
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!
"
)S1)(S1(
2
22
2
11 !!  ep                                                                              (4.2) 
 For this measurement, three chip antennas (AF2.4, Antenna Factor, Merlin, OR) 
were utilized.  The chip antenna has a length of 6.5 mm (0.26") which is comparable in 
size to typical electric field probes. The chip antennas have an advantage over the electric 
field probes, since its gain and return loss characteristics can be measured easily and used 
in Eq. 4.2 for accurate characterization of ERP through calibrated VNA measurements. 
On the other hand, the field perturbation introduced by the placement of electric field 
probes cannot be systematically corrected for, unlike the case of the chip antenna. Three 
identical chip antennas are selected. Each of these antennas is labeled 1, 2 and 3. Hence, 
their respective gains are G1, G2 and G3. Three different combinations of these antennas 
when substituted in Eq. 4.2 give rise to three transmission Equations 4.3, 4.4 and 4.5 as 
below. Using equation (4.2), with TX: Chip antenna 1 with gain G1 and the RX: Chip 
antenna 2 with gain G2: 
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Using equation (4.2), with TX: Chip antenna 3 with gain G3 and RX: Chip antenna 2 with 
gain G2: 
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Using equation (4.2), with TX: Chip antenna 3 with gain G3 and RX: Chip antenna 1 with 
gain G1. 
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On dividing Eq. (4.3) by Eq. (4.4) we get Eq. (4.6) as 
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Eq. (4.6) is then multiplied by Eq. (4.2),  
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By rearranging Eq. (4.7) we get G1 in Eq. (4.8) 
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Thus G1 is obtained in terms of (S11) and (S21) for different combinations of antennas. 
Using the value of G1 the corresponding value of G2 and G3 can be obtained as described 
in Eq. (4.9) and (4.10). Solving for Eq. (4.3) and Eq. (4.8) we get G2 as 
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Solving for Eq. (4.5) and (4.8) we get G3 as 
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 Thus, G1, G2 and G3 for the three identical chip antennas are determined using the 
three antenna gain measurement method at distances of D=11" and D=15" and illustrated 
in Figure 4.18. 
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Figure 4.18: Gains G1, G2, and G3 of the chip antennas used in the three antenna gain 
measurement method for a) D=11", and b) D=15". 
4.5.3 ESTIMATED ERP RESULTS USING THE VNA 
 At 2.45 GHz, for sub-centimeter size antennas (chip and PIFA), the antenna near-
field zone is expected to be in the order of mm [40]. However, a more pronounced effect 
would be the effect of the spherical, as opposed to the planar, wavefronts reaching the 
receiving antenna. Based on the geometry of Figure 4.19, the Figure 4.20 illustrates the 
impact of the spherical wavefronts in terms of change in distance ΔD versus the resulting 
change in phase (Δθ). It is measured with respect to the transmitting antenna and across 
the 6.5 mm length of the receiving chip antenna.  It can be observed that Δθ is less than 
1° for antenna separations (D) of greater than 15" (38 cm). 
 
Figure 4.19: Incremental distance ΔD due to spherical wavefronts incident on the small 
surface of the Chip antenna. 
 
 
By geometry in Figure 4.19, 
(D+ΔD) 2 = D2 + L2                                                                                            (4.11.a) 
Expanding Eq. 4.11.a we get, 
TX (PIFA) Phase Center 
   RX (Chip) 
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D2 + 2(D * ΔD) + (ΔD) 2 = D2 + L2                                                                    (4.11.b) 
For D»ΔD, by solving Eq. 4.11.b we get, 
ΔD~L2/2D                                                                                                        (4.11.c) 
The phase variation can be derived from Eq. 4.11.c as 
Δθ = β(ΔD) = (2π/λ) (ΔD) = (2π/λ) (L2/ΔD)                                                       (4.11.d) 
Figure 4.20 illustrates Eq. 4.11.c and 4.11.d graphically, i.e. variation in ΔD and 
corresponding variation in Δθ as a function of D. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.20: Variation in separation distance (ΔD) and corresponding variation in phase 
(Δθ) across the length of the chip antenna, due to the incidence of spherical wavefronts, for 
different values of D.  
  
  
 Using the three-antenna gain measurement technique, the gain of the three 
antenna candidates was measured and one of them (Chip antenna 2) was selected. This 
selected antenna was then used at the receiver end of the PIFA measurement system. For 
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AI2, AI3, and AIII1, mentioned earlier, S11 and S21 for a fixed value of D were recorded, 
in conjunction with the S22 for the chip antenna. These values, together with the chip 
antenna gain obtained from the three-antenna measurements, were used in calculating the 
gain (Gt) of the PIFA, according to (Eq. 4.1). Also during the measurements, ep was set 
about its maximum, i.e unity, by gently rotating Cable-Rx for maximum S21 reading. 
Note that the ERP is defined as the amount of gain in addition to the actual delivered 
power (PD) to the transmitter antenna, i.e., ERPD = PDGt (subscript D is added for the 
notion of the delivered power to the antenna). Thus the normalized ERP for PD=1 W of 
“delivered power”, i.e., ERP1WD is the same as Gt (ERP1WD = Gt).  
 Figure 4.21 illustrates the ERP1WD (i.e., EIRP1WD divided by the dipole gain of 
1.64) with frequency for AI3, AI4, and AIII1 obtained from measurements at D = 11". 
The values for peak ERP1WD are 5.21 mW at 2.92 GHz, 6.5 mW at 2.92 GHz, and      
2.31 mW at 2.91 GHz for AI3, AI4, and AIII1 respectively. ERP1WD values at 2.45 GHz 
are 2.03 mW, 1.38 mW, and 0.29 mW for AI3, AI4, and AIII1 respectively for D = 11". 
Estimated ERP1WD between D=11" and D=15" are compared in Table 4.6. The error in 
estimation between the two cases is 3-15 %. Note that, AI3 is superior to AIII1 in terms 
of ERP which is in agreement with the previous observations (S21 plot in Figure 4.10).  
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Figure 4.21: ERP1WD as a function of frequency measured for AI3, AI4 and AIII1. With 
antenna separations of a) D=11", and b) D=15". 
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Table 4.6: Comparison of estimated ERP1WD between D = 11" and D = 15" measured for 
AI3, AI4, and AIII1 at 2.45 GHz. 
 
4.5.4 ESTIMATED ERP USING SPECTRUM ANALYZER 
 In the second set of measurements, the received power at a distance D was 
measured by the spectrum analyzer. Prior to the transmission measurement, the output 
power from the VCO (i.e., power delivered to a 50 Ω load, PD1), for different frequencies 
was obtained by changing the tuning voltage of the VCO when connected to the spectrum 
analyzer as shown in Figure 4.22. The data were corrected for the cable losses and used 
in the ERP calculation from the antenna measurement. The average output power 
delivered to the spectrum analyzer was PD1 = -20 dBm (10 uW).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.22: Power delivered (PD1), at various frequencies for AI5 averaged over three 
trials. 
 ERP1WD (D=11") 
(mW) 
ERP1WD (D=15") 
(mW) 
% Error 
AI3 2.03 2.20 7.7 
AI4 1.38 1.61 14.9 
AII1 0.29 0.30 3.3 
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 Figure 4.23 illustrates the received power (Pr) for AI5 averaged from three trials 
at a) D=11" (27.94 cm) and b) D=15" (38.1 cm).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.23: Received power (Pr) at various frequencies for AI5 averaged from three trial 
for a) D=11", and b) D=15". 
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 Here, the EIRP1WD is calculated from Eq. 4.12 
 Gt = 
)||1(GP
)D4(P
2
r
2
r2D
2
r
!"#
$
                                                                                             (4.12) 
where PD2 is the delivered power to the transmitting PIFA antenna. PD2 can be evaluated 
from PD1 by [68] 
2|1|)2||1(PP AsA1D2D
!
""!"!=                                                                 (4.13) 
where Γs and ΓA are the VCO output and the antenna input reflection coefficients (with 
respect to the 50 Ω reference). Since Γs is unknown, PD2 cannot be completely resolved, 
unless ΓA = 0. However, it is reasonable to approximate PD2 with PD1 when ΓA (i.e, S11 of 
antenna AI5) is small, i.e., around the resonance frequency (2.489 GHz for AI5, S11=       
-12.9 dB).  Figure 4.24 illustrates the ERP1WD, from 2.4 to 2.5 GHz, obtained for AI5 
(D=11"), utilizing (Eq. 4.13), where PD2 is approximated as PD1. Note that ΓA = -10 dB at 
2.45 GHz, and the worst case for ΓA over the specified frequency range is -8 dB at        
2.4 GHz. The ERP1WD for AI5 is estimated as 2.13 mW at 2.489 GHz and as 2.14 mW at 
2.45 GHz respectively, which agrees well with the data in Table 4.6 for AI3 (ERP1WD = 
2.03 mW at 2.45 GHz), noting that AI3 and AI5 have the same coating thickness     
(Table 4.1). Note that agreement between the ERPs obtained from the two approaches for 
is not so good D=15". One source of disagreement can be the fact that for D=15", the 
receiver antenna is close to the bottom of the absorbing chamber and is influenced by the 
residual reflected wave from it. 
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Figure 4.24: Estimated ERP1WD versus frequency for AI5 with separation distances of         
a) D=11", and b) D=15" using the spectrum analyzer measurement approach. 
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4.6 DISCUSSIONS 
4.6.1 COMPARISON OF ERP ESTIMATED FROM BOTH METHODS  
 The ERP1WD using VNA and VCO as the source is 2.03 mW using AI3 and          
2.145 mW using AI5 for D=11" at 2.45 GHz as observed in Figures 4.21 and 4.24 
respectively. The deviation in the ERP variation with frequency for the ERP value 
measured with VCO with the ERP value measured with the VNA as source could be 
because the VCO coupled antenna may not be matched to 50 Ω reference impedance. The 
low value of the estimated ERP1WD obtained above suggests that (as could be expected) a 
medical implant requires a large amount of power before the ERP becomes an issue. 
However, it would be certainly useful in estimating the required delivered power in order 
to quantify a transmission range for communication between a medical implant and 
equipment present outside the human body, as explained in subsection 4.6.3.   
 
4.6.2 ERP VERSUS POWER LIMIT OF DEVICE 
 The EIRP regulatory limit for medical devices operating in the MICS band is       
25 µW. However, for the 2.45 GHz ISM band, the constraints on power transmission are 
less in comparison with the power constraints in the MICS band. The EIRP regulatory 
limit is defined at the maximum delivered power of 1W to be 100 mW at 2.45 GHz ISM 
band [24].  Presently, the power received from the ICP implantable device discussed in 
[20], is -20 dBm (10 µW). The equivalent ERP for the ICP device, with 10 µW of 
delivered power to the antenna is in the order of 10-8 W. This ERP value is comfortably 
within the regulatory ERP limit at the ISM band. Thus the operation of the ICP device is 
power limited rather than ERP limited.  
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4.6.3 COMMUNICATION LINK RANGE 
 Based on the above study, a criterion can be established for choosing the 
delivered power for achieving a desired range of communication. With the knowledge of 
the receiver sensitivity, S (i.e., the required minimum received power), it is simple to 
express a relationship between S, Gr (i.e., the receiver antenna gain), PD (i.e., the 
delivered power to the transmitted antenna), and D (i.e., the free space communication 
range) by 
r
2
2
effd G
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"
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==                                                                                              (4.14) 
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Figure 4.25 illustrates variation in PD for different S/Gr for D=1, 5, 10, and 20 m, where 
ERP1WD = 2 mW (AI3) at 2.45 GHz is used. For instance, at D = 10 m and                     
S/Gr = -110 dBm, the required delivered power to the antenna is about PD = -22.8 dBm. 
However, for the same distance of D = 10 m, as the sensitivity (S/Gr) increases to             
-60 dBm, the amount of power required to be delivered to the antenna rises to 25 dBm.   
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Figure 4.25: Power delivered to the antenna, PD as a function of the sensitivity of the 
receiver (S/Gr) for D=1, 5, 10, 20 m for an ERP1WD of 2 mW, at 2.45 GHz. 
 
  
Conclusion: In Chapter 4 the measurement results for the impact of silicone thickness on 
the S11 and S21 of the PIFAs have been presented in section 4.3 and 4.4. Comparison 
between the measured and simulated results of S11 of the PIFAs is shown in Figure 4.6 
which is in agreement for PIFA versions AI2 and AI3, which therefore increases our 
confidence level in High Frequency Structure Simulator (HFSS) based numerical 
modeling of silicone loaded antennas. The reliability of the reflection and transmission 
behaviors of the PIFAs over a period of time has been studied in section 4.3 and 4.4. A 
1.2-2.3 dB decrease in S11, 2.2-2.4 dB increase in S21 and 8-20 MHz shift in the resonant 
frequency for the PIFAs was observed overtime (period of two days). The variation in S21 
with separation distance (D) and also dependence of S21 on polarization mismatch 
between the PIFA as a transmitter and a chip antenna as the receiver was examined in 
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section 4.4. The ERP through the scalp phantom was estimated to be 2-3 mW at 2.45 
GHz from both approaches. Chapter 5 provides the conclusion of the study and some 
aspects which can be evaluated as part of future work. 
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CHAPTER 5: CONCLUSION AND FUTURE WORK 
 
 
 In this thesis, the reflection and transmission performances of PIFA antennas for 
communication with external equipment at 2.45 GHz were studied, through simulation 
and measurements. A thorough understanding of the PIFAs in terms of the impact of 
silicone thickness on their resonant frequency, their behaviors overtime (longevity 
analysis), and the ERP through a scalp phantom was acquired. A measurement setup, 
comprising of an absorbing chamber and incorporating a biological medium stimulant 
(PIFA against a phantom gel and immersed in saline environment) was introduced. 
Reflection and transmission measurements were performed by utilizing a VNA (a 
standard 50 Ω system). Transmission measurements were also performed using a 
spectrum analyzer, by measuring the signal transmitted by a prototype ICP device with a 
PIFA, resembling the device used in our ICP monitoring experiments, discussed in [18].  
The ERP obtained for both cases were compared and a criterion for choosing the 
transmitter power in order to achieve a desired range of communication, conforming to 
the regulatory limits, was established.  
 The results reported in this thesis are based on considering an 8 mm muscle-like 
scalp phantom layer over the PIFA. The implantable antennas are positioned below the 
scalp covering the frontal region of the skull [19]. This region is typically devoid of 
subcutaneous fat. In addition, no change in the behavior of S11 is expected in the presence 
of skin or hair, since S11 is almost insensitive to layers not immediately touching the 
antenna. However, in order to characterize the transmission performance more accurately 
in terms of the communication link performance and the radiation pattern, the behavior of 
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implantable antennas should be simulated for a realistic human head model. A detailed 
full head (multi-layered) model, incorporates the brain, overlaid by the layers in sequence 
of pia mata, the sub-arachnoid, CSF, dura-mata, skull, muscle (scalp), fat and skin (the 
outermost layer). The dielectric properties of these layers at 2.45 GHz should also be 
considered in the modeling.  Also, the power absorbed in these layers can be quantified.  
This will provide a better understanding of the actual power absorbed in the tissues of the 
human head and serve as an avenue for implantable device designers. Also, a detailed full 
body modeling and measurements for the same can be conducted in the future. Analytical 
modeling of the dependence of the resonant frequency on the smaller values of the 
thickness of silicone can also be considered in the future. 
  A future phantom study could be further extended towards characterizing the 
microstrip antennas like PIFA’s transmission behaviors in terms of ERP and insertion 
loss at 400 and 900 MHz, where interest exists in establishing communication links with 
medical implants. To the best of our knowledge, studies at these frequencies are limited 
to antennas’ insertion loss and/or simulations.   
 Another extension of the study in this thesis could be directed towards evaluating 
the SAR inside the phantom. Some numerical simulations were already performed (using 
a finite element method, not reported here) which affirm that for the present level of      
10 uW of output power the ICP device [20, 21], the SAR is about 3 mW/kg, or three 
orders of magnitude below the regulatory limit of 1.6 W/kg.  
 Also, the ERP was found to be dependant (to some extent) on the separation 
distance between the PIFA and the chip antenna, which can be due to the multi-path 
components of the radiated field within the chamber. Certain improvements in the 
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measurement set-up should be incorporated to mitigate this issue. The cube housing the 
PIFA needs to be enclosed so as to prevent any external interference and more 
realistically emulate the biological environment. The discontinuity in the surface of the 
absorbers placed inside the chamber should be minimized. This effect is a possibly 
contributes to the multi-path components. The fixture utilized in the spectrum analyzer 
approach must be characterized, to identify its effect on the power measurements.  
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APPENDICES 
 
APPENDIX-A: LIST OF ACRONYMS 
 
1. FCC: Federal Communications Commission 
2. IEEE: Institute of Electrical and Electronics Engineers 
3. ANSI: American National Standards Institute 
4. ETSI: European Telecommunications Standards Institute 
5. ISM: Industrial, Scientific and Medical  
6. MICS: Medical Implant Communication Service   
7. WMTS: Wireless Medical Telemetry Service  
8. EIRP: Effective Isotropic Radiated Power  
9. ERP: Effective Radiated Power  
10. SAR: Specific Absorption Rate 
11. ICP: Intracranial Pressure  
12. PIFA: Planar Inverted-F Antenna 
13. CSF: Cerebrospinal Fluid 
14. VNA: Vector Network Analyzer 
15. VCO: Voltage Controlled Oscillator  
16. FR4: Flame Retardant 4 
17. FDTD: Finite-Difference Time-Domain 
18. MoM: Method of Moments 
19. GA: Genetic Algorithms 
20. HFSS: High Frequency Structure Simulator 
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APPENDIX-B 
 
 
B-1: List of measurement equipments used 
 
Equipment Manufacturer Model Specifications 
Spectrum Analyzer-
1 
Hewlett Packard HP 8564E 9 KHz – 40 GHz 
Spectrum Analyzer-
2 
Agilent E8408A 
(Mainframe) 
20 Hz – 6 GHz 
Network Analyzer Agilent 8722ES 50 MHz – 40 GHz 
Voltage Controlled 
Oscillator 
MAXIM MAX2753 2400MHz-
2500MHz 
Frequency Tuning 
Range (Zero IF) and 
-125dBc/Hz Phase 
Noise at 4MHz 
Offset 
Chip Antenna Antenna Factor AF2.4 low loss operating at 
2.45 GHz 
 
 
B-2: List of simulation software’s used 
 
Software Version Purpose 
Advanced Design Systems ADS 2006A Prepare layout of the 
designed PIFAs for 
fabrication 
Ansoft Designer/HFSS Ansoft Designer v2.2 
HFSS v10 
Design of PIFAs and study 
the effect of design 
parameters on their 
reflection performance 
MATLAB  MATLAB v7 Analysis of the measured 
data and generate results 
graphically 
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APPENDIX-C: MATLAB CODES 
 
 
C.1 Three-Antenna Gain Measurement 
 
% --------------------------------------------- 
% Three Antenna Gain Method Measurement 
% ---------------------------------------------- 
% Created by: Ruchi Warty 
% Date Created: 06/07/07 
% ---------------------------------------------- 
 
clear 
fclose('all') 
NM=3; 
i=0; 
 
c = 3 * (10^8); D =15*25.4/1000;        % D=separation between the antennas of 15" 
 
name='freqq.txt';                                   % Importing the frequency file   
freq=opens1(name); 
f=freq; 
 
name='G1G2d15S11.txt';                      %Importing the S11,S21 and S22 files for different 
combinations of chip antennas  
S11A=opens1(name); 
S11A=moving_ave(S11A,NM); 
name='G1G2d15S21.txt'; 
S21A=opens1(name);  
S21A=moving_ave(S21A,NM); 
name='G1G2d15S22.txt'; 
S22A=opens1(name); 
S22A=moving_ave(S22A,NM); 
name='G3G2d15S11.txt'; 
S11B=opens1(name);  
S11B=moving_ave(S11B,NM); 
name='G3G2d15S21.txt'; 
S21B=opens1(name); 
S21B=moving_ave(S21B,NM); 
name='G3G2d15S22.txt'; 
S22B=opens1(name); 
S22B=moving_ave(S22B,NM); 
name='G3G1d15S11.txt'; 
S11C=opens1(name); 
S11C=moving_ave(S11C,NM); 
name='G3G1d15S21.txt'; 
S21C=opens1(name); 
S21C=moving_ave(S21C,NM); 
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name='G3G1d15S22.txt'; 
S22C=opens1(name); 
S22C=moving_ave(S22C,NM); 
 
x=S21A.^2;y=S21B.^2;z=S21C.^2;       
lambda = c./f; 
 
% Mathematical analysis discussed in Section 4.5 and imported S11, S21 and  
%S22 files used to calculate G1, G2 and G3 and plot them 
 
G1 = ((4*pi*D)./(lambda)).* (sqrt(((1-(S11B).^2).*(1-(S22B).^2).* (x).*(z))./((1-(S11A).^2).*(1-
(S22A).^2).*(1-(S11C).^2).*(1-(S22C).^2).*y))); 
G2 = ((x./G1).*(((4*pi*D)./(lambda)).^2))./((1-(S11A).^2).*(1-(S22A).^2));  % GR(chip) 
G3 = ((z./G1).*(((4*pi*D)./(lambda)).^2))./((1-(S11C).^2).*(1-(S22C).^2)); 
 
figure(1) 
plot(f,G1,'red',f,G2,'green',f,G3,'blue') 
 
 
 
C.2 ERP Measurement from S21  
 
% --------------------------------------------- 
% ERP Measurement from S21 
% ---------------------------------------------- 
% Created by: Ruchi Warty 
% Date Created: 06/19/07 
% ---------------------------------------------- 
 
clear 
fclose('all') 
NM=3; 
i=0; 
 
c = 3 * (10^8); D =15*25.4/1000;             % D=separation between the antennas of 15" 
 
name='S21_AI_a2cab_d11.txt';                 % Importing the frequency file   
M=opens2dB(name); 
for count=1:392 
    f(count,1)=M(4.*count,1); 
end 
f1=f.'; 
 
name='G1G2d15S11.txt';                       %Importing the S11,S21 and S22 files for different 
combinations of chip antennas  
S11A=opens1(name); 
S11A=moving_ave(S11A,NM); 
name='G1G2d15S21.txt'; 
S21A=opens1(name);  
S21A=moving_ave(S21A,NM); 
name='G1G2d15S22.txt'; 
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S22A=opens1(name); 
S22A=moving_ave(S22A,NM); 
name='G3G2d15S11.txt'; 
S11B=opens1(name);  
S11B=moving_ave(S11B,NM); 
name='G3G2d15S21.txt'; 
S21B=opens1(name); 
S21B=moving_ave(S21B,NM); 
name='G3G2d15S22.txt'; 
S22B=opens1(name); 
S22B=moving_ave(S22B,NM); 
name='G3G1d15S11.txt'; 
S11C=opens1(name); 
S11C=moving_ave(S11C,NM); 
name='G3G1d15S21.txt'; 
S21C=opens1(name); 
S21C=moving_ave(S21C,NM); 
name='G3G1d15S22.txt'; 
S22C=opens1(name); 
S22C=moving_ave(S22C,NM); 
 
x=S21A.^2;y=S21B.^2;z=S21C.^2;       
lambda = c./f; 
 
% Mathematical analysis discussed in Section 4.5 and imported S11, S21 and  
%S22 files used to calculate G1, G2 and G3 and plot them 
 
G1 = ((4*pi*D)./(lambda)).* (sqrt(((1-(S11B).^2).*(1-(S22B).^2).* (x).*(z))./((1-(S11A).^2).*(1-
(S22A).^2).*(1-(S11C).^2).*(1-(S22C).^2).*y))); 
G2 = ((x./G1).*(((4*pi*D)./(lambda)).^2))./((1-(S11A).^2).*(1-(S22A).^2));  % GR(chip) 
G3 = ((z./G1).*(((4*pi*D)./(lambda)).^2))./((1-(S11C).^2).*(1-(S22C).^2)); 
 
figure(1) 
plot(f,G1,'red',f,G2,'green',f,G3,'blue') 
 
%==========Importing S21 for AI3 as the transmitter and chip antenna as the 
%receiver=== 
 
name='S21_AI_a2cab_d15.txt'; 
M=opens2dB(name); 
for count=1:392 
    f(count,1)=M(4.*count,1); 
    S21(count,i)=M(4.*count,2); 
    S21p(count,i)=moving_ave(S21(count,i),NM); 
end 
s21=(S21p).'; 
 
%=========Importing S21 for AI3 as the transmitter and chip antenna as the 
%==receiver=== 
 
name='S11_AI_a2cab_d15.txt'; 
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M=opens2dB(name); 
for count=1:392 
    f(count,1)=M(4.*count,1); 
    S11(count,i)=M(4.*count,2); 
    S11p(count,i)=moving_ave(S11(count,i),NM); 
end 
s11=(S11p).'; 
 
%========importing S22 for chip antenna as the receiver=== 
 
name='s22chip.txt'; 
M=opens2dB(name); 
S22=M(:,2); 
S22p=moving_ave(S22,NM);   
s22=(S22p).'; 
 
%=======Solving Eq. 4.2 from section 4.5 for S11 of PIFA, AI3 and S22 of chip antenna and 
D=15"(in this case) at 2.45 GHz============= 
x1=s21.^2; 
G_pifa_A5 = ((x1./G2).*(((4*pi*D)./(lambda)).^2).*(1.64))./((1-(s11).^2).*(1-(s22).^2)); 
 
 
 
C.3 Variation in S11 or S21 over time 
 
The S11 files can be imported in place of S21 files to observe the shift in S11 with time for 
different time instants at which the values are recorded. 
 
 
% --------------------------------------------- 
% Variation in S11 or S21 over time 
% ---------------------------------------------- 
% Created by: Ruchi Warty 
% Date Created: 09/29/07 
% ---------------------------------------------- 
 
clear 
fclose('all') 
NM=3; 
i=0; 
 
%====Importing the S21 files over a period of 48 hours with AIII1 as the 
%transmitter and chip antenna as the receiver at fixed distance of D=11" at 
%2.45 GHz======= 
%===================== 
i=i+1; 
name='NewA3_S21_T1.txt'; 
M=opens2(name); 
f=M(:,1); 
S21(:,i)=M(:,2); 
S21p(:,i)=moving_ave(S21(:,i),NM); 
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plot(f,(S21(:,i)),f,(S21p(:,i))) 
 
%===================== 
i=i+1; 
name='NewA3_S21_T2.txt'; 
M=opens2(name); 
f=M(:,1); 
S21(:,i)=M(:,2); 
S21p(:,i)=moving_ave(S21(:,i),NM); 
plot(f,(S21(:,i)),f,(S21p(:,i))) 
%===================== 
i=i+1; 
name='NewA3_S21_T3.txt'; 
M=opens2(name); 
f=M(:,1); 
S21(:,i)=M(:,2); 
S21p(:,i)=moving_ave(S21(:,i),NM); 
plot(f,(S21(:,i)),f,(S21p(:,i)) ) 
% %===================== 
i=i+1; 
name='NewA3_S21_T4.txt'; 
M=opens2(name); 
f=M(:,1); 
S21(:,i)=M(:,2); 
S21p(:,i)=moving_ave(S21(:,i),NM); 
plot(f,(S21(:,i)),f,(S21p(:,i)) ) 
% %===================== 
i=i+1; 
name='NewA3_S21_T5.txt'; 
M=opens2(name); 
f=M(:,1); 
S21(:,i)=M(:,2); 
S21p(:,i)=moving_ave(S21(:,i),NM); 
plot(f,(S21(:,i)),f,(S21p(:,i))) 
% %===================== 
i=i+1; 
name='NewA3_S21_T6.txt'; 
M=opens2(name); 
f=M(:,1); 
S21(:,i)=M(:,2); 
S21p(:,i)=moving_ave(S21(:,i),NM); 
plot(f,(S21(:,i)),f,(S21p(:,i)) ) 
% %===================== 
i=i+1; 
name='NewA3_S21_T7.txt'; 
M=opens2(name); 
f=M(:,1); 
S21(:,i)=M(:,2); 
S21p(:,i)=moving_ave(S21(:,i),NM); 
plot(f,(S21(:,i)),f,(S21p(:,i)) ) 
% %===================== 
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i=i+1; 
name='NewA3_S21_T8.txt'; 
M=opens2(name); 
f=M(:,1); 
S21(:,i)=M(:,2); 
S21p(:,i)=moving_ave(S21(:,i),NM); 
plot(f,(S21(:,i)),f,(S21p(:,i)) ) 
% %===================== 
i=i+1; 
name='NewA3_S21_T9.txt'; 
M=opens2(name); 
f=M(:,1); 
S21(:,i)=M(:,2); 
S21p(:,i)=moving_ave(S21(:,i),NM); 
plot(f,(S21(:,i)),f,(S21p(:,i)) ) 
% %===================== 
i=i+1; 
name='NewA3_S21_T10.txt'; 
M=opens2(name); 
f=M(:,1); 
S21(:,i)=M(:,2); 
S21p(:,i)=moving_ave(S21(:,i),NM); 
plot(f,(S21(:,i)),f,(S21p(:,i)) )%===================== 
% % %===================== 
 
i=i+1; 
name='NewA3_S21_T11.txt'; 
M=opens2(name); 
f=M(:,1); 
S21(:,i)=M(:,2); 
S21p(:,i)=moving_ave(S21(:,i),NM); 
plot(f,(S21(:,i)),f,(S21p(:,i)))%===================== 
 
%===================== 
i=i+1; 
name='NewA3_S21_T12.txt'; 
M=opens2(name); 
f=M(:,1); 
S21(:,i)=M(:,2); 
S21p(:,i)=moving_ave(S21(:,i),NM); 
plot(f,(S21(:,i)),f,(S21p(:,i))) 
%===================== 
i=i+1; 
name='NewA3_S21_T13.txt'; 
M=opens2(name); 
f=M(:,1); 
S21(:,i)=M(:,2); 
S21p(:,i)=moving_ave(S21(:,i),NM); 
plot(f,(S21(:,i)),f,(S21p(:,i))) 
%===================== 
i=i+1; 
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name='NewA3_S21_T14.txt'; 
M=opens2(name); 
f=M(:,1); 
S21(:,i)=M(:,2); 
S21p(:,i)=moving_ave(S21(:,i),NM); 
plot(f,(S21(:,i)),f,(S21p(:,i))) 
%%===================== 
 
t=[0 0.5 12.5 14.5 17.5 19 23.5 25 38 39.5 42 43.5 45 48];  %==Time instants indicated in 
hours====== 
ii=197; 
f(ii)%==============frequency point for 2.45 GHz================== 
 
figure(2) 
hold on 
plot(t,(S21(ii,:))) 
 
 
C.4 Dependence of S11 or S21 on distance of separation (D) between the PIFA as the transmitter 
and the Chip antenna as the receiver 
 
The S11 files can be imported in place of S21 files to observe the dependence of S11 on the distance 
of separation between the PIFAs and the chip antenna as the receiver. 
 
% --------------------------------------------- 
% Dependence of S11 or S21 on separation distance, D between PIFA and chip 
% antenna 
% ---------------------------------------------- 
% Created by: Ruchi Warty 
% Date Created: 09/29/07 
% ---------------------------------------------- 
 
 
clear 
fclose('all') 
NM=3; 
i=0; 
  
figure(3) 
hold on 
 
%====Importing the S21 files for various distances of separation between AI3 as the 
%transmitter and chip antenna as the receiver at 2.45 GHz======= 
 
%===================== 
i=i+1; 
name='S21_AI_a4cab_d2.5.txt'; 
M=opens2(name); 
f=M(:,1); 
S21(:,i)=M(:,2); 
S21p(:,i)=moving_ave(S21(:,i),NM); 
 117 
S21A5(:,i)=S21p(:,i); 
plot(f,S21A5(:,i)) 
 
%%===================== 
i=i+1; 
name='S21_AI_a4cab_d3.txt'; 
M=opens2(name); 
f=M(:,1); 
S21(:,i)=M(:,2); 
S21p(:,i)=moving_ave(S21(:,i),NM); 
S21A5(:,i)=S21p(:,i); 
plot(f,S21A5(:,i)) 
 
%%===================== 
i=i+1; 
name='S21_AI_a4cab_d4.txt'; 
M=opens2(name); 
f=M(:,1); 
S21(:,i)=M(:,2); 
S21p(:,i)=moving_ave(S21(:,i),NM); 
S21A5(:,i)=S21p(:,i); 
plot(f,S21A5(:,i)) 
 
%%===================== 
i=i+1; 
name='S21_AI_a4cab_d4.5.txt'; 
M=opens2(name); 
f=M(:,1); 
S21(:,i)=M(:,2); 
S21p(:,i)=moving_ave(S21(:,i),NM); 
S21A5(:,i)=S21p(:,i); 
plot(f,S21A5(:,i)) 
 
%%===================== 
i=i+1; 
name='S21_AI_a4cab_d6.txt'; 
M=opens2(name); 
f=M(:,1); 
S21(:,i)=M(:,2); 
S21p(:,i)=moving_ave(S21(:,i),NM); 
S21A5(:,i)=S21p(:,i); 
plot(f,S21A5(:,i)) 
 
%%===================== 
i=i+1; 
name='S21_AI_a4cab_d8.txt'; 
M=opens2(name); 
f=M(:,1); 
S21(:,i)=M(:,2); 
S21p(:,i)=moving_ave(S21(:,i),NM); 
S21A5(:,i)=S21p(:,i); 
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plot(f,S21A5(:,i)) 
 
%%===================== 
i=i+1; 
name='S21_AI_a4cab_d11.txt'; 
M=opens2(name); 
f=M(:,1); 
S21(:,i)=M(:,2); 
S21p(:,i)=moving_ave(S21(:,i),NM); 
S21A5(:,i)=S21p(:,i); 
plot(f,S21A5(:,i)) 
 
i=i+1; 
%%===================== 
i=i+1; 
name='S21_AI_a4cab_d12.txt'; 
M=opens2(name); 
f=M(:,1); 
S21(:,i)=M(:,2); 
S21p(:,i)=moving_ave(S21(:,i),NM); 
S21A5(:,i)=S21p(:,i); 
plot(f,S21A5(:,i)) 
 
%%===================== 
i=i+1; 
name='S21_AI_a4cab_d13.5.txt'; 
M=opens2(name); 
f=M(:,1); 
S21(:,i)=M(:,2); 
S21p(:,i)=moving_ave(S21(:,i),NM); 
S21A5(:,i)=S21p(:,i); 
plot(f,S21A5(:,i)) 
 
%%===================== 
i=i+1; 
name='S21_AI_a4cab_d14.5.txt'; 
M=opens2(name); 
f=M(:,1); 
S21(:,i)=M(:,2); 
S21p(:,i)=moving_ave(S21(:,i),NM); 
S21A5(:,i)=S21p(:,i); 
plot(f,S21A5(:,i),'red') 
 
%%===================== 
i=i+1; 
name='S21_AI_a4cab_d15.txt' 
M=opens2(name); 
f=M(:,1); 
S21(:,i)=M(:,2); 
S21p(:,i)=moving_ave(S21(:,i),NM); 
S21A5(:,i)=S21p(:,i); 
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plot(f,S21A5(:,i)) 
 
%%============================= 
i=i+1; 
name='S21_AI_a4cab_d15.5.txt'; 
M=opens2(name); 
f=M(:,1); 
S21(:,i)=M(:,2); 
S21p(:,i)=moving_ave(S21(:,i),NM); 
S21A5(:,i)=S21p(:,i); 
plot(f,S21A5(:,i)) 
 
%%===================== 
i=i+1; 
name='S21_AI_a4cab_d16.txt'; 
M=opens2(name); 
f=M(:,1); 
S21(:,i)=M(:,2); 
S21p(:,i)=moving_ave(S21(:,i),NM); 
S21A5(:,i)=S21p(:,i); 
plot(f,S21A5(:,i)) 
 
%%===================== 
i=i+1; 
name='S21_AI_a4cab_d18.txt'; 
M=opens2(name); 
f=M(:,1); 
S21(:,i)=M(:,2); 
S21p(:,i)=moving_ave(S21(:,i),NM); 
S21A5(:,i)=S21p(:,i); 
plot(f,S21A5(:,i)) 
 
%===================== 
i=i+1; 
name='S21_AI_a4cab_d20.txt'; 
M=opens2(name); 
f=M(:,1); 
S21(:,i)=M(:,2); 
S21p(:,i)=moving_ave(S21(:,i),NM); 
S21A5(:,i)=S21p(:,i); 
plot(f,S21A5(:,i)) 
 
%===================== 
i=i+1; 
name='S21_AI_a4cab_d21.5.txt'; 
M=opens2(name); 
f=M(:,1); 
S21(:,i)=M(:,2); 
S21p(:,i)=moving_ave(S21(:,i),NM); 
S21A5(:,i)=S21p(:,i); 
plot(f,S21A5(:,i)) 
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%=======Distances D in mm of separation between AI3 and chip antenna========== 
 
d=[2.5 3 4 4.5 6 8 11 13.5 15 16 18 20.5]*25.4;  
ii=770;  
f(ii) %==============frequency point for 2.45 GHz================== 
 
figure(5) 
hold on 
 
plot(d,(S21A5(ii,:)),'red') 
 
 
C.5 ERP Measurement from Pr 
 
% --------------------------------------------- 
% ERP Measurement from Pr 
% ---------------------------------------------- 
% Created by: Ruchi Warty 
% Date Created: 06/19/07 
% ---------------------------------------------- 
 
clear 
fclose('all') 
NM=3; 
i=0; 
 
c = 3 * (10^8); D =15*25.4/1000;    % D=separation between the antennas of 15" 
 
load G1_15INCHES_final f G1       % Loading G1,G2, G3 and S22 of chip antenna calculated for 
D=15" 
load G2_15INCHES_final f G2 
load G3_15INCHES_final f G3 
load s22CHIP f s22 
f0=f; 
 
%=====Power delivered to the PIFA============== 
Pt=[-16.866 -16.883 -16.803 -18.303 -18.776 -18.436 -18.656 -19.02 -19.08 -19.152 -19.306 -
19.956 -19.82 -18.944 -19.397 -18.786 -18.97 -19.36]; 
f=[2.294 2.318 2.322 2.339 2.355 2.371 2.396 2.409 2.413 2.428 2.447 2.455 2.463 2.474 2.481 
2.501 2.518 2.526].*(10.^9); 
 
%====Power received for D=15"=============== 
Pr=[-97.69 -96.212 -95.22 -94.687 -93.792 -87.291 -86.734 -89.49 -87.73 -93.186 -87.84 -88.588 
-87.914 -87.83 -84.35 -85.85 -82.961 -80.78]; 
lambda = c./f; 
 
G2p=interp1(f0,G2,f); 
G1p=interp1(f0,G1,f); 
G3p=interp1(f0,G3,f); 
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s22p=interp1(f0,s22,f); 
 
%=======Solving Eq. 4.12 from section 4.5 for S22 of chip antenna and D=15"(in this case) at 
2.45 GHz============= 
 
x1=Pr1-Pt; 
x2=(10.^(x1./10)); 
 
GPifa = ((x2./G2p).*(((4*pi*D)./(lambda)).^2))./(1.64*(1-(s22p).^2)) 
 
figure(1) 
plot(f,(GPifa),'black') 
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